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CHAPTER 1

INTRODUCTION

Introduction and Background
The bulk electric power from remote generating stations is transmitted to load
centers using very long overhead lines as it is the most cost efficient way of power
delivery. The electric power transmission is generally carried out at higher voltages to
reduce the line losses. The high voltages overhead lines that connect the generating
stations with the load centers are to be supported by structures called as transmission
towers. As these towers are at ground potential, the high voltage lines are supposed to be
electrically isolated from the towers. The device which can provide the electrical isolation
and physical support to high voltage overhead lines is the insulator.
An insulator is made up of dielectric material, electrodes or hardware fittings and
internal structure that connects insulator to the hardware. Based on the dielectric material
used, insulators are classified as porcelain, glass and composite. Porcelain and glass
insulators are generally cap and pin type insulators. Different bells of these insulators are
connected to each other through metallic hardware. The number of bells that are used to
make an insulator string decides the voltage class at which it can be used.

Porcelain and

glass are brittle and dense. Hence the insulators with porcelain or glass as the dielectric
medium are heavy and to prevent their breakage they are to be handled with great care.
The composite insulators have a fiberglass rod housed inside a polymeric sheath.
The housing material is generally made of organic materials. Figure 1.1 shows the
photographs of porcelain and composite insulators.
1

Figure 1.1 Photographs showing different parts of porcelain (a) and composite insulators
(b) [1].
The application of composite insulators in high voltage transmission and
distribution has progressively increased [2]. In recent years, composite insulators have
captured a large share of the market [2-4] at certain voltages due to inherent advantages
of lightweight, low cost, superior contamination performance and low maintenance. The
electrostatic bond in organic materials is weaker when compared to inorganic porcelain or
glass materials. Hence, the material nature of composite insulators makes them easily
prone to deterioration due to chemicals, moisture, heat from the electric discharges,
pollution and environmental factors like humidity, temperature and sunlight [1]. Due to
these influences, the electrical and mechanical properties of composite insulating material
can irreversibly deteriorate with time. The weak electrostatic bonds in composite
insulating material can easily break and generate free carbon atoms that can be
conducting. The formation of conductive carbonaceous tracks on the surface of insulating
material is called as tracking. Due to various surficial activities and external influence,
carbon can be dislodged from the material. It can also be removed as various gaseous
products. Removal of carbon from the surface that leads to material loss is called as
erosion. Hence, the performance of insulating material for tracking and erosion is an
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important aspect that needs to be investigated while designing the transmission lines.
Porcelain and glass insulator strings for different voltage classes are prepared by
connecting different numbers of bells. Due to the presence of intermediate metallic
structures the voltage distribution is linear. But in the case of composite insulators, there
is a single piece of dielectric between the electrodes. The length of this dielectric
increases with the voltage rating. The electric field distribution in composite insulators is
more nonlinear when compared to their counterparts. This is due to the highly
non-uniform voltage distribution along the composite insulators. The polymeric housing
material and the highly non-linear voltage distribution make the composite insulators
vulnerable for the development of defects [5]. Unlike porcelain or glass insulators,
composite insulators do not undergo routine test. These insulators might have developed
defects during manufacturing or installation. There is a lack of confidence to perform
online diagnostics of composite insulators as the composite insulators can fail during the
maintenance. It is important to detect the defective insulators and replace them before
they fail to ensure the safety and reliability in power delivery.
Various diagnostic techniques are attempted for the condition assessment of
outdoor insulators [6-8]. They are visual inspection, leakage current detection, infrared
thermography, light emission imaging, partial discharge detection and acoustic
measurements [8]. Visual inspection with binoculars is the most commonly used
technique today, and this is effective only if the defect is visible and in the line of sight.
Infrared thermography may not be sensitive to identify small defects as the change in
surface temperature caused by them is insignificant [8]. Due to the high sensitivity of the
UV cameras, normal corona discharges can be misinterpreted for the coronas due to
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defects [8]. Partial discharge measurement in outdoor insulators is not very effective
because of the low capacitance of the insulators [1]. Acoustic measurement is prone to
background noise which hinders the precise location of the defects [8]. The leakage
current measurement technique is not beneficial when the defects are not conducting [1].
Hence there is a need for techniques which can detect defects that are developed
internally and are visually unidentifiable.
Pollutants and dirt get deposited on the surface of composites insulators during
their operation. In the presence of rain, dew or fog the surface gets wet and an electrolytic
layer is formed. Such wet contamination layer promotes the development of leakage
current. Conducting tracks are developed on the surface of the insulator due the leakage
current and results in the degradation of the insulation [9,10]. Attempts have been made
to use tracking and erosion resistance to assess the condition of composite insulators
[11-13]. Surface resistance can be used as a potential candidate to understand various
discharge activities occurring on the insulation material. But in the field conditions, it is
not easy to obtain the actual surface resistance due to weak source or lack in the advanced
measurement techniques. Hence prediction of insulator failure based on surface
resistance is a challenging task.
Utilities are in need of various tools, techniques and knowledge to confidently
perform online condition analysis of composite insulators. This is the motivation for the
present research.

4

2

CHAPTER 2

LITERATURE REVIEW
Insulators play a vital role in the uninterrupted operation of power systems.
Composite insulators, which consist of a central fiberglass rod and polymeric housing,
have become popular today due to their lightweight, low cost and good contamination
performance, when compared with traditional porcelain or glass insulators. However, the
organic nature of materials employed, and their designs make them vulnerable to damage
from various agents. Tracking and erosion of the housing and/or rod can occur due to
surface discharges. Improper sealing between the hardware, rod and housing can create
access of moisture into the core resulting in brittle fracture [14] or rod burn-out [15]. Poor
quality control during manufacture can result in the formation of carbon deposits in the
rod or inclusion of conducting impurities.
Figure 2.1 shows some types of defects that have been experienced with
composite insulators. The insulator in Figure 2.1(a) failed electrically due to conduction
along the fiberglass rod-housing interface (also called flashunder). The splitting of the
housing was a result of arcing along the interface. Figure 2.1(b) shows an insulator that
developed cracks along the housing allowing moisture into the rod. Figure 2.1 (c) shows
a rod that carbonized during the pultrusion process. Figure 2.1 (d) shows severe erosion
of the housing along the shank of the insulator. Figure 2.1 (e) shows tracking along the
interior of the rod due to moisture wicking. Figure 2.1 (f) shows a cracked rod during
crimping operation. It is clear from these pictures that the dimensions of the defects and
their conductivity (air, moisture, carbon) can vary over a wide range. Some of these
defects may not be detected during manufacturing. Many users do not have detailed
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periodic inspections of lines. Consequently, the defects can develop and intensify with
time eventually cause failures leading to prolonged outages. This has resulted in several
utilities choosing to use ceramic or glass insulators on new EHV and UHV lines (> 345
kV). Procedures to identify the condition of porcelain and glass exist and are standardized,
thereby permitting live-line working. For users to develop the same level of confidence
with composite insulators, there is a need for methods that can reliably assess their
condition during service.

Figure 2.1 (a) Internal tracking of composite insulator. (b) Crack developed in 500 kV
insulator housing. (c) Rod damage during manufacturing. (d) Severe erosion of polymer
along shank of composite insulator. (e) Water penetration into internal interfaces of 765
kV composite insulator. Photos b, d and e, courtesy of INMR Magazine. (f) Damage to
fiberglass core due to crimping. [1]
Several techniques have been attempted for composite insulator condition
assessment [8, 16-18]. These include visual inspection [19-25], light emission imaging
[26], hydrophobicity classification [27], infrared thermography [28, 29], partial discharge
detection, acoustic [30-34] and electric field measurements [35-38]. An IEEE Task Force
evaluated some of these methods on composite insulators deliberately manufactured with
different extent of conducting defects [35]. It was concluded that unless the insulator had
a conducting defect that was considerably long (> 25% of the insulator length) the
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methods employed were not able to identify the defects. Later Vaillancourt et al [36]
investigated 735 kV composite line insulators with real and simulated defects and arrived
at the same conclusion.
There is a need for methods to assess insulator health when defects are internal
and/or too small to be noticed visually. This will permit defective insulators to be
identified and changed out prior to failure. In recent years, electro-optic probes based on
improved materials and designs have become available for electric field measurement.
The probe is usually mounted on device that traverses the length of the insulator. The
electric field measurement method appears promising as the small size of the probe
permits placing close to defect. Defects developing in the core have the most impact on
insulator performance. But it is not easy to place the probe near the insulator shank due to
the presence of the weathersheds. Advanced robotic tools that traverse the line and detect
breaks in conductor strands are available [39]. It is feasible that the electric field probe
can be integrated into such devices that can move from one shed to another and measure
the electric field along the insulator shank. A detailed study to evaluate the electric field
variation as a function of the radial distance from the central axis of the insulator for
various lengths and types of defects is useful.
The electrical performance of the composite insulators depends on the electric
field distribution. For composite insulators the long rod nature of construction makes the
electric field more nonlinear when compared to porcelain, thereby increasing the chances
of corona during service. Corona on composite insulators is detrimental owing to the
organic nature of materials used (fiberglass, polymer housing and seals), and is known to
lead to premature failures [1]. Corona rings are used in composite insulators for voltages
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greater than 138 kV. For insulators on EHV and UHV lines (> 345 kV) it is common to
use multiple strings of insulators with individual corona rings at both ends and sometimes
with an additional grading ring. The rings and the insulator dimensions should be
designed to eliminate corona during service.
In order to properly design composite insulators and associated hardware, it is
vital to have good knowledge of electric field distribution along the insulator. Many
commercial packages are available presently. These packages use iterative solvers like
boundary element, finite element or finite difference methods [40-42]. These packages
are computationally intensive and require many hours for a single run especially for
nontrivial cases like the presence of defects. This is due to the loss of axial symmetry. It
would be desirable to have methods that can calculate the electric field quickly. Once the
initial runs have been completed, one can short list the designs and perform full-fledged
modelling of few designs.
Another problem with the reliance on commercial packages is that it is difficult to
perform calculations for conditions other than clean and dry, which is what the packages
are designed for. The source code is not available to the user. During service, insulators
get contaminated, and undergo different stages of wetting leading to surface discharges.
Insulators can also develop internal or superficial defects in service [43]. Utilities are
presently using several methods to assess need for maintenance and replacement of
insulators [8,43-45]. One such method in use is an electric field measuring probe [46,47].
It is important to have calculations to confirm if the measured values are meaningful or
not.
During their operation, composites insulators collect dirt and they become wet due
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to the rain, dew or fog, hence promoting leakage current. Due to the insulator shape, the
current density is non-uniform resulting in dry bands in narrow parts of insulator. Localized
arcing occurs when the electric field across these dry bands exceed the withstand strength of
the band [48]. Persistent arcing can cause the material to carbonize (track) or erode. Materials
employed for the external housing of composite insulators are initially hydrophobic (water
repellant). However, dry band arcing can make the material hydrophilic (wettable) and this
can result in increased leakage current that can accelerate degradation. Surface resistance is
a parameter that could be used to assess the condition of composite insulators.
The Inclined-Plane Test is used to evaluate the tracking and erosion
characteristics of insulating materials [49]. This test has been part of the standards for
evaluation under AC, and work is currently progressing to develop this test for DC
systems [50].
To better understand the process of the tracking and erosion on the insulating
material’s surface, many studies have been conducted based on the analysis of the
leakage current [50, 51]. However, the results are not very significant due to the problems
with power sources used in the laboratory, which have limited short circuit capacity when
compared to what is experienced by insulator in actual power system. The internal
impedance of the source affects the output voltage significantly [52]. Electrical
discharges of varying length and intensity occur sporadically due to changes in surface
resistance. A weak source can cause the output voltage to be much reduced when
compared to the actual source voltage.
The leakage current which is measured during the test, captures the continuous
activity on the insulator. This logged data cannot indicate the failure of insulator as the

9

variation in the leakage current may not be large and discharge activity is sporadic.
Hence, there is a need to develop techniques for evaluating the actual surface resistance
that can be used to indicate the failure of the insulating material as it could give a more
comprehensive picture of the activities occurring on the surface considering the internal
dynamics of the source.
Defects and/or erosion majorly alter the dielectric strength of the bulk or volume
of the insulation material. They may lead to permanent failure of the dielectric. Such
failures are referred as punctures. In the absence of defects, the electric stress required for
failure inside the volume of the material is significantly larger than the surrounding air.
The disruptive discharge, which occurs through the air or on the surface of the insulation,
which causes temporary failure, is called as flashover. There are various flashover
prediction models proposed in the past [53-65]. Most of these models assumed single
dryband discharge for simplicity. But in the actual field condition multiple discharges at
different locations are developed on polluted insulator surface. The variation of flashover
voltage in the presence of multiple dry band discharges is important for the design of
insulators and transmission lines.
Research Objectives
This research focuses on studying the condition assessment of composite
insulators. The following research goals will be particularly addressed in this report:
1. Measurements of electric field distribution using electro-optic probe for
full-scale composite insulators and cylindrical rods of the housing material
with different kinds of deliberately planted superficial and internal defects.
Computation of electric field using 3-dimensional Boundary Element
10

Method package to validate the measured electric field.
2. Development of a 2-dimensional stretched grid finite difference method for
efficient computation of electric field in composite insulators up to 1000 kV.
Application of the proposed method to compute electric field in (a) healthy
composite insulators of single and double strings with and without corona
and grading rings. (Voltage rating from 69 kV to 1000 kV) (b) composite
insulators with conducting defect simulated at the high voltage electrode for
69 and 138 kV insulators. Validation of the computed electric field with the
experimentally measured values.
3. Development of two second order sliding mode observers based on
Super-Twisting and Twisting algorithms to improve the accuracy of the
surface resistance with respect to the measurement done in the Inclined-Plane
Test under weak power source situation. Verification of proposed surface
resistance estimation algorithms’ efficacy via experimental results and
simulation studies. Application of the estimated surface resistance to predict
the failure of the insulating material.
4. Development of a prediction model based on power criteria to calculate the
flashover voltage of polluted outdoor insulators in the presence of serially
burning multiple dryband discharges on the surface. Application of the model
to calculate flashover voltage in 115 kV suspension insulators with multiple
drybands.
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3

CHAPTER 3

IMPACT OF SUPERFICIAL AND INTERNAL DEFECTS ON ELECTRIC FIELD
OF COMPOSITE INSULATORS

3.1 Introduction
Insulators are important for the reliability of the power system. Composite
insulators that have a fiberglass core and polymeric housing are finding increasing use in
today’s power systems due to advantages of low cost, lightweight and easy availability
when compared with traditional porcelain and glass insulators. Composite insulators do
not have intermediate hardware thereby resulting in a highly non-linear electric field
distribution. Conducting defects can develop internally due to substandard manufacturing
or poor quality control. During service, composite insulators may undergo tracking
(carbonization), which is conducting and not easily noticeable. If such insulators are not
identified in a timely manner they can fail and result in prolonged power interruption.
Utilities are interested in tools that enable defect detection without removing the
insulators from the line. An IEEE Task Force evaluated insulators deliberately made with
different types and extent of internal defects. It was shown that unless the insulator had a
conducting defect that was considerably long the methods employed were not able to
identify the defects [6].
There are many techniques that have been attempted for in-service insulator
inspection, such as visual inspection, light emission imaging, thermal measurements,
acoustic measurements, and hydrophobicity classification. All these methods have
limitations, like low resolution and high environmental interference [8]. A new tool based
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on electric field measurement was developed in the 1990s and has been used to detect
faulty porcelain and composite insulators in service [7]. There is not much information
available on the sensitivity and reliability of the measurements. It is important to establish
if the nature of the defect (conducting vs. non-conducting), and location of the defect
(internal, surface of shank or housing) influences the measured values.
3.2 Experimental details
An EM-field measurement system “eoSense”, manufactured by Kapteos, was
utilized to measure the electric field. A bismuth silicon oxide crystal probe based on
Pockels effect, was used as the sensor. Pockels electro-optic effect is about the
birefringence of the optical medium when electric field is applied. The electro-optic
probe used in the study is compact and has the ability to measure electric fields in the
range 50 mV/m - 10 MV/m. [46,47]
3.2.1

Samples

The test samples used for experiments are: (a) 69 kV suspension insulator as
shown in Figure 3.1, and (b) cylindrical polymer rod fitted with aluminium electrodes as
shown in Figure 3.2. Using rod models of the housing material provided a convenient
way for performing sensitivity analysis, and also for implementing internal defects of
different dimensions and conductivities.
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Section length (mm)

877

Arcing distance (mm)

592

Leakage distance (mm)

1391

No. of sheds

19

Larger shed diameter (mm)

106

Smaller shed diameter (mm)

76

Shank diameter (mm)

30

Conducting strip

Probe

Figure 3.1 69 kV suspension insulator with conducting strip to simulate a defect shown
attached to end fitting.

Figure 3.2 Cylinder rubber rod test sample used for simulation and measurement.
3.2.2

Experimental set-up

Experiments were performed in a metallic chamber as shown in Figure 3.3. The
voltage was applied by a 100 kV high voltage transformer, controlled by a regulating
transformer.
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Support
Insulator
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Lead
69 kV
insulator

HVAC
Power
Supply

Probe

Optical
Fiber
Electric Field
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BNC
cable
Laptop

HVAC
Cable
Chamber

Figure 3.3 Experimental set-up for the measurement of electric field distribution.
The probe was mounted on a tripod that was used to move the probe to different
locations as shown in Figure 3.4. An optical fiber was used to connect the probe with the
measurement system located outside the chamber, as shown in Figure 3.5.

Figure 3.4 Photograph of experimental test set-up showing probe arrangement.

Figure 3.5 Commercial electric field measurement system connected to oscilloscope.
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3.2.3

Calibration of the probe

For the electric field measurement system, the electric field value (E) is calculated
with the following equation:
𝐸=𝐸
𝐸

∙

𝑉
𝑁𝐹

(3.1)

: the reference electric field, which is a constant value for a given probe

at a given channel, unit in V/m;
V : root mean square (RMS) value of the voltage read from the oscilloscope, unit in V;
NF : the normalization factor, whose value can vary as to the experiment. It can be
obtained from the software or the output ports on the detecting instrument, unit in V.
As a result, the 𝐸

value needs to be calibrated before experiment to ensure the

measurement accuracy of the probe. A parallel-plate capacitor shown in Figure 3.6 with
two aluminum plates of 15 cm diameter was utilized to generate a uniform electric field.
Vsupply
Emeasured

d

Ecalculated=

Probe

Vsupply
d

Grounding

Figure 3.6 Schematic diagram parallel plate capacitor set-up for calibration.
This electric field is referred as Ecalculated. The measured electric field Emeasured is
obtained by the product of AF and V. Tests with different applied voltages (20 V to 16 kV)
and plate distances (2, 3, and 4 cm) were conducted to limit error to below 5%.
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3.3 Computational details
Electric field computations [66, 67] were performed to provide a basis for
determining the accuracy of the experimental measurements. Electromagnetic field
problems in the form of partial differential equations can be numerically solved using two
methods (a) Domain method - which uses integral equations (b) boundary method which uses differential equations [66]. In the present work for the simulation study,
3-dimensional electric field solver - Coulomb (Version 9.3) was used. This software
package is based on the boundary element method (BEM).
3.3.1

Boundary element method

Boundary Element Method (BEM) is numerical method to solve the partial
differential equations which are represented in boundary integral equations. It is based on
the principle of weighted residuals, where the fundamental solution is chosen as the
weighing function [68]. According to the method the boundary is discretized into many
elements over which the weighing function is evaluated by error minimizing of weighted
residuals.
Consider a boundary value problem in 2-dimensional domain
∇ 𝑢=

𝜕 𝑢 𝜕 𝑢
+
=0
𝜕𝑥
𝜕𝑦

(3.2)

which is subjected to the following boundary conditions
Dirichlet boundary condition:
𝑢|Г = 𝑔 (Г)
Neumann boundary condition:
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(3.3)

𝜕𝑢
𝜕𝑛

(3.4)

= 𝑔 (Г)
Г

where u is potential function in a 2-dimensional domain Ω bounded by the
contour Г. g1(Г) and g2(Г) are the known functions.
For a boundary value problem given in equations 3.2 to 3.4, the fundamental
solution of the governing equation is approximated as
𝑢=

(3.5)

𝛽 𝜑

Here, 𝛽 are unknown parameters and 𝜑 are the linearly independent functions
selected from a complete set of functions. These functions are chosen such that certain
given conditions called as admissible conditions are satisfied. By substituting equation
3.5 in equations 3.2-3.4 the residuals are obtained,
𝑅(𝑢) = ∇ 𝑢 =

𝜕 𝑢 𝜕 𝑢
+
𝜕𝑥
𝜕𝑦

𝑅 (𝑢) = 𝑢 − 𝑔 (Г)

𝑅 (𝑢) =

𝜕𝑢
− 𝑔 (Г)
𝜕𝑛

(3.6)

(3.7)

(3.8)

Based on the principle of average error distribution the residuals are driven to zero,
i.e.,
(∇ 𝑢)𝑊𝑑Ω +

(𝑢 − 𝑔 (Г))

𝜕𝑊
𝑑Г +
𝜕𝑛

𝜕𝑢
− 𝑔 (Г) 𝑊𝑑Г = 0
𝜕𝑛

(3.9)

Here W is the weighing function. Integrating the above equation by parts, the dual
equation for the equation 3.9 is obtained. This equation in compact form is represented as
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(∇ 𝑢)𝑊𝑑Ω +

𝑢

𝜕𝑊
𝑑Г =
𝜕𝑛

𝑊

𝜕𝑢
𝑑Г
𝜕𝑛

(3.10)

This is the fundamental equation of the boundary element method. The key
challenge with the integral equation approach is the integration of Green’s function
singularity. The most important feature of this method is the calculation of surface
integral instead of the volume integral. Hence it reduces the problem size by an order of
one. The numerical analysis was carried out on a workstation with 4 GHz processor, 32
GB RAM.
During the simulation, the boundary of the model must be discretized into
numerous boundary elements. The number, size and distribution of these boundary
elements determine the accuracy of the simulation. Some of the initial executions showed
that the 2-dimensional triangular elements are better than quadrilateral elements in terms
of accuracy. Hence in the present study, 2-dimensional triangular boundary elements were
assigned on the surface of the sample. As this study aims at analyzing the electric field
near the defect, the density of the boundary elements was increased on the surface and the
edges of the defect, as shown in Figure 3.7. During the modelling of the insulators for the
simulation, the following materials were used (Table 3.1).
For the simulation Dirichlet boundary conditions were assigned. The electrode
connected to the high voltage was assigned Line-Ground (L-G) voltage and the other
electrode was connected to ground. The defect connected to the electrode acts as an
extension of the electrode and its boundary condition is same as the electrode to which it is
connected. To determine the error of the simulation, the vector integral of the electric
field along the length of the insulator was calculated. The deviation of this value from
applied voltage determines the error. For all simulation, the error was limited to 5%.
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Figure 3.7 Simulation model of rod sample developed using Coulomb software.
Simulation of 69 kV insulator required about 200,000 triangular elements and each
run took about 4 hours. The cylindrical rod model required 30,000 elements and the
execution time was around 40 minutes.
Table 3.1 Details of the materials used for the simulation.
Location

Material

Property

Electrodes

Aluminum

Conductivity = 3.69 x 107 S/m

Insulating material

Silicon Rubber

Conductivity = 1 x 10-17 S/m, Permittivity = 3.45

Conducting defect

Copper

Conductivity = 5.84 x 107 S/m

Semi-conducting defect

Graphite

Conductivity = 3000 S/m, Permittivity = 12

3.3.2

Validation and sensitivity analysis

A healthy rod sample was energized at 10 kV. The x, y and z components of
electric field were measured from the surface to a distance of 60 mm. This distance was
chosen as it is the typical radius of sheds in composite insulators. The comparison
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between experimental and simulation results is shown in Figure 3.8. The z component of
the electric field is almost negligible because of axial symmetry. It is the y component
that showed the largest change in electric field with distance. Figure 3.8 shows that the
experimental result and simulation are in good agreement.
The x, y, z components of the electric field along the radial path was then
measured for a rod with 37 mm long defect (copper strip) located on the surface fixed at
the middle. The differences in the measured electric field with and without defect are
shown in Figure 3.9. There is difference between x component and z component as the
electric field is measured at the outer curvature of the rod model. If the electric field was
measured at the center of the axis of reference both x component and z component would
be equal. It can be inferred from Figure 3.9 that the deviation for the y component is
significant. The Therefore, the y component can be considered as a good indicator for
analyzing the variation of the electric field distribution in the presence of defects.
Throughout this paper, it is the y component of electric field that is presented.

y component

y
x

x component

z

z component

Figure 3.8 Comparison of x, y, z components between experiments and simulations for a
healthy sample.
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Figure 3.9 Differences in the electric field between healthy and sample with defect.
3.4 Case studies
3.4.1

69 kV suspension insulator

The test sample studied in this subsection is a 69 kV suspension insulator. A
schematic diagram of an insulator with defects at various locations is shown in Figure
3.10. Conducting strips of 22 mm x 6 mm were used to simulate defects and electric field
was measured along the tip of the insulator sheds.
Figure 3.11 compares the electric field distribution in the healthy and insulator
with defect attached to the high voltage electrode (Case 2 in Figure 3.10). It can be
noticed from Figure 3.11 that the maximum value of the electric field distortion has
increased in the presence of defect. This increase of 13.5% in the electric field maximum
was observed for the measurement along a reference line at the tip of the insulator sheds,
which is 38 mm from the surface of the shank. The defect connected to the high voltage
electrode acts as an extension of the electrode and displaces the electric field maximum
value to the end of the defect [36] [67]. It can be noticed from Figure 3.11 that location of
the peak values of electric field is along the edge of the defect.
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Case 2
HV electrode Conducting
Defect

HV electrode

Mapping Path
Healthy Sample
Case 1

Defect attached to HV
electrode

Case 3
HV electrode

Defects connected to HV
electrode and at floating
potential

Conducting
Defect

Conducting
Defect
Grounded electrode
Defect attached to grounded
electrode
Case 4

Conducting
Defect

Grounded electrode
Defects connected to
grounded electrode and at
floating potential
Case 5

Figure 3.10 Schematic diagram of 69 kV composite insulator with defects at different
locations and axial mapping path.

Figure 3.11 Electric field distribution of 69 kV insulator with the defect connected to high
voltage electrode (case 2 in Fig 3.10) and measured along a line at the end of the sheds.
The electric field distribution with the defect connected to grounded electrode
(Case 4 in Figure 3.10) is shown in Figure 3.12. It can be seen that the electric field
distribution is similar to the healthy sample case. Hence defects at grounded electrode do
not produce a significant change in the electric field to be easily detected when the
measurement is done even at a short distance (few cm) away from the insulator shank.
The electric field was then measured with defects connected to the electrodes and
also fixed on the shank between the first and second shed (Case 3 and 4 in Figure 3.10).
Electric field distributions for Case 3 and Case 4 are shown in Figure 3.13 and Figure
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3.14 respectively.

Figure 3.12 Electric field distribution of 69 kV insulator with the defect connected to
grounded electrode (case 4 in Fig 3.10) and measured along a line at the end of the sheds.

Figure 3.13 Electric field distribution of 69 kV insulator with the defect at HV electrode
and at floating potential (case 3 in Fig 3.10).

Figure 3.14 Electric field distribution of 69 kV insulator with the defect at grounded
electrode and at floating potential (case 4 in Fig 3.10).
The variation in the electric field along the radial distance from the surface of the
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shank was studied by connecting defects both to the high voltage electrode and the
grounded electrode as shown in Figure 3.15. The results are shown in Figures 3.16 and 3.17.
It can be seen that the change in the electric field when compared to the healthy insulator
diminishes with increasing radial distance from the center of the sample.
Comparing Figure 3.16 and Figure 3.17, it can be said that the defects connected
or close to the high voltage electrode produced a larger change of electric field, than
when compared to defects at or near the ground electrode.
HV electrode
Mapping Path

Mapping Path
Grounded electrode
Healthy Sample

HV electrode
Mapping Path

Grounded electrode
Defect attached to HV
electrode

HV electrode

Mapping Path
Grounded electrode
Defect attached to grounded
electrode

Figure 3.15 Defects attached to electrodes and the radial mapping paths.

Figure 3.16 Comparison of the radially measured electric field for defect connected to
high voltage electrode.
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Figure 3.17 Comparison of the radially measured electric field for defect connected to
grounded electrode.
Simulations were performed for all the cases presented above. Figure 3.18 shows
the simulation model developed using Coulomb software for defect at high voltage
electrode. Figure 3.19 and Figure 3.20 are the simulation results corresponding to Figure
3.11 and Figure 3.12 respectively. Similar agreement for other cases with experimental
measurements were obtained but have not been included for the sake of brevity.
High voltage
electrode

Conducting
defect

Figure 3.18 Simulation model of 69 kV suspension insulator with conducting defect at
high voltage electrode.
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Figure 3.19 Simulated results of electric field distribution of 69 kV insulator with the
defect connected to high voltage electrode (case 2 in Fig 3.10) and calculated along a line
at the end of the sheds.

Figure 3.20 Simulated results of electric field distribution of 69 kV insulator with the
defect connected to grounded electrode (case 4 in Fig 3.10) and calculated along a line at
the end of the sheds.
3.4.2 Cylindrical rod model
The test sample studied in this subsection is cylindrical rod model. The length of the rod
model is typical that of the 16 kV suspension insulator. This simplified structure is chosen
as it permitted insertion of defects in the body of the sample.
3.4.2.1 Case I : Variation in defect position on the surface
A copper strip of dimension 37 mm x 6 mm was used for a conducting defect. Figure
3.21 shows a sample with the strip in two different positions. It also shows the path along
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which the electric field was measured. Figure 3.22 shows the plot of electric field
measured for a healthy sample and samples with defects.
High Voltage Electrode
Mapping
Path

37 mm

Mapping
Path

Mapping
Path

Mapping
Path

Grounded Electrode

Figure 3.21 Defects attached to electrodes at different position (Case I) and the mapping
paths.
Samples were prepared with the conducting strip attached in between the
electrodes as shown in Figure 3.23. The corresponding electric field values measured are
shown in Figure 3.24. Comparing Figure 3.22 and 3.24, it can be said that the defects
connected or close to the energized end produced a larger change of electric field when
compared with defects located in the middle of the sample.

Electric Field(V/m)

10

x 10

4

Defects attached to the electrode
Healthy sample

8
6

Case near the HV electrode

4

Case near the Grounded electrode

2
0
0

10

20
30
40
50
Radial Distance from Surface(mm)

60

Figure 3.22 Electric field comparison for different defect positions (Case I).
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55.5 mm

37 mm

18.5 mm

High Voltage Electrode

Mapping
Path

Grounded Electrode

Figure 3.23 Defects at floating potential and the mapping path.

Figure 3.24 Electric field distributions for defects with floating potential.
3.4.2.2 Case II : Variation of defect length on the surface
Three different lengths of copper strips (18.5 mm, 37 mm and 74 mm) were connected to
the high voltage electrode. The electric field was measured axially along a line at 8 mm
and 60 mm from the surface of the sample as shown in Figure 3.25. Based on the voltage
applied, 8 mm separation of the probe from the sample was required to avoid arcing to
the probe. The electric field at a distance of 8 mm and 60 mm are shown in Figure 3.26
and 3.27 respectively. The defect connected to the high voltage electrode acts as an
extension of the electrode and displaces the electric field maximum value to the end of
the defect. It can be noticed from Figure 3.26 that location of the peak values of electric
field is along the edge of the defect. But these localised distortions of electric field at the
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end of the defect were not significant when the mapping was performed at a distance of
60 mm.
High Voltage Electrode
60 mm

Mapping Path

60 mm

Mapping Path

Mapping Path

74 mm

8 mm

Grounded Electrode

Figure 3.25 Defects of different lengths (Case II) attached to the HV and ground
electrode along with their mapping paths.
Next, defects of all three lengths were attached to grounded electrode as shown in Figure
3.25. The electric field was measured 60 mm from the surface of the sample and is shown
in Figure 3.28. It can be seen that the electric field distributions at a distance of 60 mm
for defects at grounded electrode are similar to healthy sample case. Hence defects at
grounded electrode do not produce a significant change in the electric field to be easily
detected when the measurement is done even at a short distance (few cm) away from the
insulator shank.

Figure 3.26 Electric field distributions at a distance of 8 mm for defects (Case II)
connected to the HV electrode.
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Figure 3.27 Electric field distributions at a distance of 60 mm for defects (Case II)
connected to the HV electrode.

Figure 3.28 Electric field distributions at a distance of 60 mm for defects (Case II)
connected to the grounded electrode.
Further, sixteen copper strips whose lengths varied from 0% to 90% length of the
insulation were fixed on the surface. The maximum electric field at the end of the defect
was measured at a distance of 3 mm, 5 mm and 8 mm. Here, defect of 0% length refers to
the healthy sample and the maximum electric field for this case is measured close to the
high voltage electrode. Figure 3.29 shows the variation of maximum electric field with
reference to the percentage length of the defect.
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Figure 3.29 Variation of maximum value of electric field with reference to the percentage
length of the defect for Case II.
A third-degree polynomial equation was used to fit the maximum electric field
data measured at a distance of 3 mm. The R-squared value for the curve fitted is 98%.
The equation of the curve is 𝑥 + 𝑐 𝑥 + 𝑐 𝑥 + 𝑐 where, 𝑐 = −1.3478 , 𝑐 =
0.6112 and 𝑐 = 0.1014. Figure 3.30 compares the actual data and the values from the
curve fit for the electric field measured at 3 mm. A significant increase in the maximum
value can be witnessed when the defect length increased to 20%.

Figure 3.30 Comparison of the actual data and the values from the curve fit for electric
field maximum values measured at 3 mm.
3.4.2.3 Case III : Variation in defect thickness
Metallic needles of two different diameters (1 and 2.5 mm) were fixed on the surface of
insulator as shown in Figure 3.31. The electric field distribution of samples with these
defects and also the healthy sample is shown in Figure 3.32. It can be seen that the
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thicker needle produces a larger change in the electric field (in comparison with a healthy
sample) than a thinner needle.

1 mm

Mapping Path

8 mm

Mapping Path

2.5 mm

Mapping Path

High Voltage Electrode

8 mm

8 mm

Grounded Electrode

Figure 3.31 Defects of different thickness (Case III) attached to the HV electrode along
with their mapping paths.
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Figure 3.32 Electric field distributions for metallic defects of different thickness (Case
III) on the surface of insulator.
3.4.2.4 Case IV : Variation in defect conductivity
Defects of metal and graphite (with widely differing conductivities) were fixed on the
surface of insulator. These defects were of diameter 1 mm and length 37 mm. They were
connected to the high voltage electrode. Figure 3.33 shows electric field distribution for
the two different materials. It can be seen that metallic defects had the higher electric
field variation than the graphite. The relevance of these findings is that filamentary
carbonaceous tracks on the housing may not be detected by the probe.
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Figure 3.33 Electric field distributions for metal, graphite and water defects (Case IV) on
the surface of insulator.
Tracking (or carbonization) on composite insulators might be non-conducting in
the initial stages and the conductivity of it can be expected to increase with time as the
degradation spreads along the surface and depth. Simulations were carried out to
understand this effect with graphite defect of diameter 1 mm and length 37 mm. The
actual conductivity and relative permittivity of graphite are 3000 S/m and 12
respectively. Here, conductivity was further varied from 3 x 10-8 S/m to 3000 S/m. Figure
3.34 shows electric field distribution at a distance of 8 mm for varying conductivities of
graphite. The electric field distribution for all conductivities lower than 3 x 10 -4 S/m is
similar to the healthy sample. When the conductivity increases, there is an appearance of
peak value in electric field distribution at the end of defect. When the conductivity
increases the defect becomes more metallic in nature. This defect with increased
conductivity will be at higher potential, which can be observed as a higher electric field
maximum at the end of the defect.
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Figure 3.34 Electric field distributions for graphite defect (Case IV) on the surface with
varying conductivity.
3.4.2.5 Case V : Comparison of defects on surface and within the sample
Metallic defects of different diameters were inserted at the center of the sample. Figure
3.35 shows the insulators with defect at center and on the surface. Electric field
distribution of needle defects of diameter 1 mm and 2.5 mm are shown in Figure 3.36.
From Figure 3.32 and Figure 3.36 it is evident that the distortion of electric field is
significant if the defect is on the surface of insulator.
High Voltage Electrode
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Top view
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Mapping Path

(For moisture
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center
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Grounded Electrode

Figure 3.35 Metallic defects at the center and on the surface for Case V.
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Figure 3.36 Electric field distributions for metallic defects of different thickness (Case V)
at the center of insulator.
Subsequently, metal, graphite and water defects were inserted into the insulator.
Moisture entrapment is simulated by filling the 1 mm drilled-cavity with water. Figure
3.37 shows the electric field distribution of these defects at the center of insulator.
Electric field distribution for graphite defect at the center of the insulator is similar to
healthy sample case. The good dielectric property of the sample can significantly
attenuate the electric field distortion created the defect. The electric field distortion is
mostly attenuated for the lower conductivity defects.

Hence detection of defects of

lower conductivities that could have developed internally in the insulator is difficult.

Figure 3.37 Electric field distributions for metal, graphite and water defects at the center
of insulator (Case V).

36

3.4.2.6 Case VI : Comparison of defect locations along the circumference
Defects in composite insulators may not be visible even if they occur on the surface. For
example, if the defect may be along the sides or behind the line of sight. Electric field
measurement was performed by rotating the insulator with copper defect of 37 mm away
from the sensor by 90 and 180 degree. Figure 3.38 shows rotated insulator and the
mapping paths.
Electric field distribution for all rotated insulators is shown in Figure 3.39. The peak
value of electric field which had appeared at the end of defect for 0 degree is no longer
noticeable for 90 and 180 degree.

8 mm

8 mm

Mapping Path

Mapping Path

37 mm

Mapping Path

High Voltage Electrode

8 mm

Grounded Electrode

Figure 3.38 Defects rotated at 0, 90 and 180 degree (Case VI) with reference to mapping
path.
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140
Axial Distance from HV Electrode(mm)
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Figure 3.39 Electric field distribution for defects rotated at 0, 90 and 180 degree (Case VI)
with reference to mapping path.
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3.5 Discussion
The healthy rod sample can be viewed as a parallel plate capacitor. As the spacing
between the electrodes is significantly larger than the diameter of the electrode the
voltage distribution is non-linear, and the electric field maximum appears near the HV
electrode. The defect connected to the electrode acts as an extension of the electrode and
changes its configuration. Hence the electrodes can no longer be viewed as parallel plate
instead they appear as needle-plane model. In this configuration the electric field
distribution is highly non-uniform and the electric field maximum appears at the end of
the defect.
When the conductivity increases the defect becomes more metallic in nature. This
defect with increased conductivity will be at higher stress, which can be observed as a
higher electric field maximum at the end of the defect. Hence the electric field maximum
for metallic needle is higher than the graphite needle (Figure 3.31). When the defect is
present at the center of the test sample and the measurement was carried out near the
surface, the better dielectric property of the insulating material can significantly attenuate
the electric field distortion created by the defect. Hence the electric field distribution for
the graphite defect at the center is very similar to the healthy case (Figure 3.35).
Tracking (or carbonization) on composite insulators might be non-conducting in
the initial stages and the conductivity of it can be expected to increase with time as the
degradation spreads. Hence to understand this effect, simulations were carried out where
the defect conductivity was varied over a wide range (3 x 10 -9 S/m to 3000 S/m). For all
the conductivities lesser than 3 x 10-5 S/m it can be observed that the electric field
distribution was similar to that of the healthy sample and for higher conductivities the
electric field maximum is moved from HV electrode to the tip of the defect showing that
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the defect is changing to more metallic in nature (Figure 3.32).
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4

CHAPTER 4

AN EFFICIENT APPROACH FOR COMPUTATION OF ELECTRIC
FIELD IN COMPOSITE INSULATORS

4.1 Introduction
Several commercial packages are presently available for the design of insulators
and associated hardware. These packages use iterative solvers like boundary element,
finite element or finite difference methods. These packages utilize the inherent axial
symmetric nature of the insulator to efficiently calculate the electric field. During service,
insulators get contaminated, and undergo different stages of wetting leading to surface
discharges. Insulators can also develop internal or superficial defects in service. In the
presence of defects or dry band arcs the axial symmetry of the insulator is generally lost.
Hence, the electric field is to be calculated for the complete insulator which can be
computationally intensive.
In this work, 2-dimensional stretched grid finite difference method for the
calculation of electric field is presented. Electric field is computed for composite
insulators up to 1000 kV using commercial package – Coulomb, uniform grid finite
difference method and stretched grid finite difference method. The cases evaluated are
single and double strings of insulators with and without corona and grading rings.
Coulomb software is used to compute the electric field using the complete 3-dimensional
geometry of the insulator. Matlab software is used to write code for 2-dimensional
uniform and stretched grid finite difference method. Here, the electric field is computed
without considering the axis symmetry as the developed code (in the case of uniform and
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stretched grid FDM) and the model (in Coulomb) is later used to compute electric field in
the presence of defect.

Further, a small conducting defect is simulated at the high

voltage electrode for 69 kV and 138 kV insulators and electric field is computed. The
accuracy and computational time for all the three methods are compared. It has been
shown that the proposed stretched grid finite difference method can yield fairly accurate
results when compared to 3-dimensional commercial software, but in almost 1/3 the time
taken by the latter. The electric field computed for 69 kV insulator using stretched grid
FDM is compared with the measured electric field distribution using a commercially
available electro-optic probe. The results show a good agreement. The contribution of
this work is to demonstrate the use of an efficient method to compute the electric field for
non-trivial cases (analysing the insulator performance with defects).
4.2 Illustration of Computation Method
4.2.1 Background
Electromagnetic field problems can be solved using partial differential equations.
The potential function u in a 2-dimentional domain bounded by the contour Г satisfies the
Laplacian equation
∇2 𝑢 =

𝜕2 𝑢 𝜕2 𝑢
+
=0
𝜕𝑥2 𝜕𝑦2

(4.1)

subject to the following boundary conditions
Dirichlet boundary condition:
𝑢|Г = 𝑔 (Г)
Neumann boundary condition:

41

(4.2)

𝜕𝑢
= 𝑔2 (Г)
𝜕𝑛 Г

(4.3)

where g1(Г) and g2(Г) are the known functions.
Figure 4.1 shows an interfacial boundary between two dielectric materials A and B of
permittivity εA and εB respectively [68,69]. On the interfacial boundary S of the two
materials, the potential function u is subject to the following boundary conditions
(4.4)

𝑢𝐴𝑆 = 𝑢𝐵𝑆 = 𝑢
𝜀𝐴

𝜕𝑢𝐴𝑆
𝜕𝑢𝐵𝑆
− 𝜀𝐵
=𝜎
𝜕𝑛
𝜕𝑛

(4.5)

where n is the unit normal vector to the interface and σ is the charge density on the
surface.
n

Material A

S is the interface
Material B

Figure 4.1 Interfacial boundary between two dielectric materials of permittivity ε A and εB.
4.2.2 Uniform Grid Finite Difference Method
Finite Difference Method (FDM) provides the approximate solution of the partial
differential equation. The aim of the FDM is to replace the electromagnetic field
problems in continuous domain by a discretized domain with a finite number of regular
nodes [68]. The general discretization formula to solve the Laplace equation for potential
function u based on the Taylor’s series expansion with second degree approximation is
given by,
𝜑(𝑥 + ℎ, 𝑦) + 𝜑(𝑥, 𝑦 + ℎ) + 𝜑(𝑥 − ℎ, 𝑦) + 𝜑(𝑥, 𝑦 − ℎ) − 4𝜑(𝑥, 𝑦) = 0

(4.6)

The above equation is the difference equation for the five-point uniform grid as
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shown in the Figure 4.2, where φ is the potential function in the discrete domain.
When the grid lines coincide with the interface of the two different materials as
shown in the Figure 4.3, then the potential function u in material A satisfies the Laplace
equation ∇2 𝑢𝐴 = 0 and in the material B it satisfies the Laplace equation ∇2 𝑢𝐵 = 0. On
the interface of two materials the potential function u is subjected to the following
boundary conditions

o

h

y
h

x

Figure 4.2 Uniform grid representation for five-point FDM.
𝑢𝐴𝑜 = 𝑢𝐵𝑜
𝑢𝐴𝑛 = 𝑢𝐵𝑛

(4.7)

𝑢𝐴𝑠 = 𝑢𝐵𝑠
𝜀𝐴 (𝑢𝐴𝑒 − 𝑢𝐴𝑤 ) = 𝜀𝐵 (𝑢𝐵𝑒 − 𝑢𝐵𝑤 )

(4.8)

The difference equation to compute the potential at the node o which is on the interface
of the materials [42] is given by,

2
2𝐾
𝜑 (𝑥 + ℎ, 𝑦) + 𝜑(𝑥, 𝑦 + ℎ) +
𝜑 (𝑥 − ℎ, 𝑦) + 𝜑(𝑥, 𝑦 − ℎ)
1+𝐾
1+𝐾
−4𝜑(𝑥, 𝑦) = 0
Where 𝐾 =
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(4.9)

Material B

Material A
n
w

o

e

s

y

x

Figure 4.3 Interface of the two different materials in uniform grid.
4.2.3 Stretched Grid Finite Difference Method
During the computation of electric field, the insulator which is being investigated
will be at the center of the 2-dimensional domain. The boundaries of the domain are
assumed to be at ground potential. For the ideal condition these boundaries are supposed
to be at infinite distance. But during the computation these boundaries are assumed to be
sufficiently away from the insulator. Even though the boundaries are essential for
computation, the value of electric field close to the boundaries is not used for analysis of
the insulator performance. In the case of uniform grid, the complete 2-dimensional
domain is uniformly divided in to equal sized elements. This can be computationally
intensive specifically for insulators with higher voltage rating because of the increased
dimensions. Hence a different method which can have finer grids near the important
locations and stretched grid closer to the boundaries, can reduce the computation time.
The term “stretched grid” is used in computational fluid mechanics [70]. Figure
4.4 shows a stretched grid where the grid points are dense at the center. Here the grid
structure is stretched in all the four directions. The difference equation for the five-point
uniform grid which was presented in Equation 4.6 is valid for all the grid points inside
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and outside the interface ‘oabc’ which is highlighted in the Figure 4.4 as they are
uniformly spaced. But for the grid points on the interface ‘oabc’ a more generalized
difference equation is required where the five-point structure is not symmetric.
Discretization equation based on the Taylor’s series expansion with second degree
approximation derived from first principles for non-uniform grid is valid for the point ‘o’
on the interface ‘oabc’, and is given below
m
l

o

n

a

k
y
c

b

x

Figure 4.4 Stretched grid representation for five-point FDM.
𝛼 𝜑(𝑥 + 𝑛, 𝑦) + 𝛼 𝜑(𝑥, 𝑦 + 𝑙) + 𝛼 𝜑(𝑥 − 𝑚, 𝑦) + 𝛼 𝜑(𝑥, 𝑦 − 𝑘)
−𝛼 𝜑(𝑥, 𝑦) = 0

1
𝑛(𝑛 + 𝑚)

(4.11)

1
𝑙(𝑙 + 𝑘)

(4.12)

1
𝑚(𝑛 + 𝑚)

(4.13)

1
𝑘(𝑙 + 𝑘)

(4.14)

𝛼 =

𝛼 =

𝛼 =

𝛼 =

𝛼 =−

1
1
+
𝑛𝑚 𝑙𝑘
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(4.15)

(4.10)

When there is no material interface coinciding with the grid interface, the boundary
conditions and the difference equation given in Equations 4.7 to 4.9 are valid. But when
the grid interface ‘oabc’ coincides with the material interface the difference equation
changes to
2
2𝐾
𝛼1 𝜑 (𝑥 + 𝑛, 𝑦) + 𝛼2 𝜑(𝑥, 𝑦 + 𝑙) +
𝛼 𝜑 (𝑥 − 𝑚, 𝑦)
1+𝐾
1+𝐾 3

(4.16)

+𝛼4 𝜑(𝑥, 𝑦 − 𝑘) − 4𝛼 𝜑(𝑥, 𝑦) = 0

where 𝛼 to 𝛼 and 𝐾 are as mentioned before.
4.2.4 Coulomb Commercial Package
In the present work the electric field computed using 2-dimension stretched grid
FDM was compared with the uniform grid FDM and also with a commercially available
3-dimensional electric field solver - Coulomb (Version 9.3). This software package is
based on the Boundary Element Method (BEM), which is a numerical method to solve
the partial differential equations that are represented in boundary integral equations. It is
based on the principle of weighted residuals, where the fundamental solution is chosen as
the weighing function [68]. According to the method the boundary is discretized into
many elements over which the weighing function is evaluated by error minimizing of
weighted residuals.
The boundary of the model must be discretized into numerous boundary
elements. The number, size and distribution of these boundary elements determine the
accuracy of the simulation. Some of the initial executions showed that the 2-dimensional
triangular elements are better than quadrilateral elements in terms of accuracy. Hence in
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the present study, 2-dimensional triangular boundary elements were assigned on the
surface of the sample. To determine the error of the simulation, the vector integral of the
electric field along the length of the insulator was calculated. The deviation of this value
from applied voltage determines the error. For all simulations, the error was limited to 5%.
All computations in this work was carried out on a workstation with 4 GHz processor, 32
GB RAM.
4.2.5 Comparative Study
A cylindrical sample with diameter, length and hardware dimensions equivalent to
a 69 kV suspension insulator was selected as the test case, as shown in Figure 4.5. A
ground plane (‘abcd’) of distance greater than the linear dimensions of the insulator was
considered. The electric field was computed in the entire region. The weathersheds were
ignored for the comparative study as they do not contribute significantly to the electric
field distribution. The region in the immediate vicinity of the electrodes is important for
insulator performance and it is here that one needs to increase the number of elements for
modeling. Here the grid size was selected 1 mm × 1 mm. For the rest of the space
modeled, grid sizes of 1 mm × 2 mm, 1 mm × 4 mm and 1 mm × 8 mm were used
successively, giving a stretching in a particular direction of 2, 4 and 8, respectively.
During the computation of electric field, composite insulator with its various
constituents is treated as a homogenous dielectric. Relevant electrical properties of the
insulators are permittivity = 3.45 and conductivity 1 × 10

𝑆/𝑚.

Error calculations were made with respect to a fine uniform grid size of 0.25 mm
× 0.25 mm for the entire space and is shown in Figure 4.6. It can be noticed that the
error increased exponentially. The error was around 5% for a stretching ratio of 4. Hence
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this ratio was chosen as an optimal ratio throughout the work.
a

> 592 mm
Region with higher
element density

d

High Voltage
Electrode

>592 mm

592 mm

30 mm
120 mm 40 mm

b

>592 mm

Grounded
Electrode

> 592 mm

c

Figure 4.5 Stretched grid for the computation of electric field in 69 kV suspension
insulator without weathersheds. The surrounding framework ‘abcd’ represents the ground
plane.
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Figure 4.6 Variation of percentage error for different stretching ratio.
Table 4.1 compares the computation time taken by Coulomb and stretched grid
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FDM. It is evident that the computation time required for stretched FDM is significantly
lower when compared to the uniform grid FDM and the commercially available
3-dimensional electric field solver.
Table 4.1 Comparison of computation time in hours required to compute the electric field
for 69 kV insulator using Coulomb, uniform and stretched grid FDM.
Coulomb

Uniform grid FDM

Stretched grid FDM

3.21

2.15

0.85

In the Figure 4.5, the optimal distance between the insulator and outer edge of the
domain is obtained by computing the electric field for different distances. The variation
of electric field at the point d on the left outer edge of the domain for different distances
is presented in Figure 4.7. The different distances are the particular number of times the
length of the insulation. From the Figure 4.7 it can be concluded that electric field
approaches zero with the increase in distance. In our study we used three times the
insulation length as the electric field is sufficiently small.

Figure 4.7 Variation of the electric field at ‘d’ on the outer edge of the domain ‘abcd’ with
reference to the distance from the insulation.
4.2.6 Convergence Criteria
The 2-dimensional electric field problems discretized with the five-point FDM
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approximation can be solved either by direct methods like Gauss elimination or by
iterative methods. For direct methods, the discretization error is usually large which
makes iterative methods a better choice [70]. Iterative methods can also be
computationally less intensive in terms of memory requirement and execution time than
direct methods. But with the iterative solvers, it is important to know when to quit the
iterations. The simplest and widely used method is to find the difference between two
successive iterates. A proper normalization of this error can be used to measure the
convergence and the iterations can be stopped once the normalized error falls below a
predefined level [70].
Norm-2 of the difference between two successive iterates was computed and
Figure 4.8 shows its variation with respect to number of iterations. It can be noticed that
the normalized residual error reduced by an order of three and reached a constant slope.
When the norm of the difference has fallen three to four orders of magnitude, the error
has usually fallen below the comparable amount [70]. The iterations can be stopped
anywhere in the region of constant slope based on the accuracy requirement.

Figure 4.8 Evolution of norm-2 of the residual error with the number of iteration.
The results from any numerical solution methods can be considered reliable if
certain parameters of the method are in alignment with the assumptions made during the
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discretization of partial differential equation. The order of convergence of the solution is
the most important and widely used parameter which can quantize the reliability of the
solution.
4.2.7 Order of Convergence
The order of convergence of a numerical solution is a method to determine the
rate at which the residual error between two successive iterates converge to zero. The
convergence of residual error percentage with respect to time is shown in Figure 4.9 for
the electric field computed in Figure 4.5. The R-squared value for the curve fitted is 99%.
It is evident from the equation of fitted curve that the percentage error decays at an order
of two with reference to time. This follows from the fact that the general discretization
formula to solve the Laplace equation based on the second-degree approximation
Taylor’s series [68].

Figure 4.9 The convergence of residual error percentage with time.
4.2.8 Simulation of Defects
During manufacturing of the composite insulators, the fiberglass core can undergo
carbonization creating a defective insulator. The housing of composite insulators may
undergo tracking (carbonization) during the service, which can be conducting and not
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easily noticeable. These defects of varying conductivities are simulated as follows:
(a)

Conducting defect connected to the electrodes - The knowledge of the

dimension of the defect is essential to simulate any defect. For a conducting defect
originating from the electrodes, the grid points which are in the defect region are assigned
the voltage value equal to that of the electrode. Figure 4.10 (a) shows a defect which has
developed as an extension of an electrode. Here, the grid points which are in defect
region and the ones in the electrode region are at the same voltage level.
(b)

Conducting defects anywhere along the fiberglass core - The voltage

distribution data from the healthy case is required to simulate a defect at floating potential.
The grid points in the defect region are selected. The voltage values corresponding to the
same grid points in the healthy case is saved. During the simulation, all the grid points in
the defect region are assigned the highest voltage value from the saved data or the value
corresponding to the grid point closest to the high voltage electrode. Figure 4.10 (b)
shows a defect which has developed in between the electrodes. The defect will be at a
floating potential. The actual voltage at which the defect is floating is obtained from the
healthy sample voltage distribution.
(c)

Non-conducting

defects

–

Similar

to

conducting

defect

these

non-conducting defects can develop anywhere along the fiberglass core. They serve as a
site for propagation of defect. They can initiate defects of longer dimensions which might
lead to a compromise in the integrity of insulator. The boundary between the insulator
and the defect acts as the interface between two materials of different permittivity as
shown in Figure 4.4. The voltage distribution on the interface is calculated using the
Equation 4.9 and Equation 4.16. Figure 4.10 (c) shows a non-conducting defect which
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has developed on the insulator surface. Here there are two interfaces. The first interface is
between insulation material and the defect material and the second interface is between
air and the defect material. Voltage distribution on both the interfaces must be computed.
Electrode

Electrode

Electrode

(a)

(b)

(c)

Figure 4.10 Simulation of different kinds of defects. (a) Defect connected to an electrode.
(b) Defect at a floating potential. (c) Non-conducting defect.
4.3 Details of the Composite Insulators Modeled
Composite insulators modeled in the present study are suspension type. The
profile of the sheds for all the three insulators is same with varying number of sheds and
section lengths. Figure 4.11 shows the general geometry of the insulator. Table 4.2 and
Table 4.3 present the dimensions of the insulators used in the study. Figure 4.12 presents
the dimensions of 69 kV suspension insulator with hardware and weather sheds. Triple
junctions (TJ1 and TJ2 in Figure 4.11 and 4.12) are critical points where the dielectric of
the insulator, metallic end fitting and the surrounding air share the boundaries. These
triple junctions appear on both sides of the insulator. But the triple junction closer to the
high voltage electrode is particularly vulnerable due to the large voltage stress. Figure
4.13 shows schematic of an insulator with grading and corona ring.
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Figure 4.11 Geometry of the suspension insulator.
Table 4.2 Characteristics of the suspension insulators chosen for the study.
Typical system voltage, kV
Section length, mm
Leakage distance, mm
Arcing distance, mm
No. of sheds
Large shed diameter (A), mm
Small shed diameter (B), mm
Diameter of the shank, mm

69
885
1391
592
19
106
76
30

138
1455
2769
1214
39
106
76
30

500
3555
7739
3316
109
106
76
30

Table 4.3 Characteristics of the 1000 kV suspension insulator chosen for the study.
Dry arc distance (mm)
Leakage distance (mm)
Corona ring diameter (mm)
Corona ring thickness (mm)
Grading ring diameter (mm)
Grading ring thickness (mm)
Distance of grading ring from
HV end (mm)

7110
25550
400
50
1000
120
400

For 230 kV composite insulators a corona ring is normally used on line end and
for insulators above a voltage rating of 345 kV corona rings are used both on line end and
ground end. EHV and UHV insulators (345 kV and above) may also have a grading ring
along with the corona rings to reduce Radio Influence Voltage (RIV) and Television
Video Interference (TVI) [71].
For UHV lines, the use of multiple insulators is common to ensure reliability as it
prevents the conductors from dropping when there is failure of a single string.

Such

units have corona rings at both line and ground and has a common grading ring for the
entire unit. Figure 4.14 shows as schematic diagram of composite insulators (a) with
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corona ring (single insulator string) (b) with corona ring and grading ring (single
insulator string) (c) with corona ring and grading ring (double insulator string).
High Voltage
Electrode
40 mm

120 mm

22 mm

TJ2

TJ1
Shed 1

30 mm
Shed 2
106 mm
Shed 3
76 mm
Shed 4
592 mm
Shed 16
30 mm

Shed 17
Shed 18
Shed 19

Grounded Electrode

Figure 4.12 Two-dimensional model of the 69 kV suspension insulator.
Thickness of grading ring
Grading
ring
Diameter of
grading ring

Corona
ring

HV
electrode

Figure 4.13 Schematic of an insulator with grading and corona ring.
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Figure 4.14 Schematic diagram of composite insulators (a) with corona ring (single
insulator string) (b) with corona ring and grading ring (single insulator string) (c) with
corona ring and grading ring (double insulator string).
4.4 Results and Discussion
4.4.1 Electric Field Distribution for Healthy Insulators
The electric field was computed along a straight line joining the larger sheds.
Figure 4.15 and Figure 4.16 compares the electric field computed using Coulomb,
uniform grid and stretched grid method for 69 kV and138 kV insulator respectively.
0.5
0.4

Coulomb
Uniform grid
Stretched grid

0.3
0.2
0.1
0

0

100
200
300
400
500
Axial Distance from Grounded Electrode(mm)

600

Figure 4.15 Comparison of electric field distribution of 69 kV healthy insulator.
The electric field (𝐸𝐹 ) at the critical triple junctions (locations TJ1-TJ2 in
Figure 4.11 and 4.12) is shown in Table 4.4. The higher electric field will result in the
increase of the probability to develop discharge, corona and even arcing. Table 4.4
compares the parameter 𝐸𝐹

of the electric field computed using Coulomb, uniform
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grid FDM and stretched grid FDM for the insulators. Table 4.5 compares the computation
time taken by all the three methods.
1.5

Coulomb
Uniform grid
Stretched grid

1

0.5

0
0

200
400
600
800
1000
Axial Distance from Grounded Electrode(mm)

1200

Figure 4.16 Comparison of electric field distribution of 138 kV healthy insulator.
Table 4.4 Comparison of EFTP of the electric field distribution of 69 kV and 138 kV
healthy insulators.
Parameters
EFTP
(kV/mm)

69
kV
138
kV

Coulomb

Uniform
grid
FDM

Stretched
grid
FDM

0.46

0.44

0.48

1.26

1.19

1.32

Table 4.5 Comparison of time in hours required to compute the electric field for 69
kV and 138 kV insulators using Coulomb, uniform grid FDM and stretched grid
FDM.
Insulator

Coulomb

69 kV
138 kV

3.73
11.65

Uniform
grid
FDM
2.56
9.82

Stretched
grid
FDM
1.08
3.63

4.4.2 Electric Field in the Presence of Corona and Grading Ring
The electric field of 500 kV insulator with corona rings of 380 mm diameter and
50 mm thickness on both hardware was computed along a straight line at the end of the
larger sheds. Figure 4.17 compares the electric field computed using Coulomb and

57

stretched grid method. Good agreement of the results from both methods is evident.

Figure 4.17 Comparison of electric field distribution of 500 kV insulator with corona
rings on both hardware.
To understand the effect of multiple strings arrangement, electric field was
computed for a 1000 kV insulator with a double string. Figure 4.18 presents the electric
field of 1000 kV insulator (a) with corona ring (single insulator string) (b) with corona
ring and grading ring (single insulator string) (c) with corona ring and grading ring
(double insulator string) using Coulomb and stretched grid FDM.

Corona ring only ( single string)
Both corona and grading ring ( single string)
Both corona and grading ring ( double string)

Figure 4.18 Comparison of electric field distribution of 1000 kV insulator (a) with corona
ring (single insulator string) (b) with corona ring and grading ring (single insulator string)
(c) with corona ring and grading ring (double insulator string).
The electric field distribution computed for different case of 1000 kV is very
much in alignment with the results presented in reference [71]. Table 4.6 compares the
𝐸𝐹

at the triple point locations at the line end. Table 4.7 compares the computation

time. It can be seen that there is good agreement with a substantial saving of
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computational time for the proposed stretched grid method.
Table 4.6 Comparison of EFTP of the electric field of 500 kV and 1000 kV insulators.
Parameters

EFTP
(kV/mm)

1.06

Stretched
grid
FDM
1.01

1.31

1.25

0.78

0.73

0.48

0.46

Coulomb

500 kV
1000
kV(a)
1000
kV(b)
1000
kV(c)

Table 4.7 Comparison of time in hours required to compute the electric field for 500 kV
and 1000 kV insulators using Coulomb and stretched grid FDM.
Insulator

Coulomb

500 kV
1000 kV(a)
1000 kV(b)
1000 kV(c)

26.31
32.25
33.73
40.15

Stretched
grid FDM
7.99
12.23
12.91
14.56

4.4.3 Electric Field Distribution in the Presence of Defect
Insulator develops defects of various dimensions, location and conductivities
during their service. Insulator with conducting defect of dimension 6mm × 22 mm at
the high voltage electrode was simulated to verify the applicability of the stretched grid
FDM. Conducting defect at the high voltage electrode is the most common kind of defect.
Similar to the previous subsection, 69 kV and 138 kV insulators were studied with a
conducting defect on the surface of the insulator at the high voltage electrode. Figure
4.19 and Figure 4.20 compare the electric field computed using Coulomb, uniform grid
and stretched grid FDM for 69 kV and 138 kV insulators with conducting defect
respectively.
Table 4.8 compares the parameter 𝐸𝐹

of the electric field computed using

Coulomb, uniform grid FDM and stretched grid FDM for the insulators with conducting
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defect. Table 4.9 compares the computation time taken by all the three methods.
Table 4.8 Comparison of EFTP of the electric field distribution of 69 kV and 138 kV
insulators with defect.

69 kV

0.74

Uniform
grid
FDM
0.73

138 kV

1.64

1.66

Parameters
EFTP
(kV/
mm)

Coulomb

Stretched
grid FDM
0.75
1.71

Table 4.9 Comparison of computation time required to compute the electric field for
insulators with defect.
Insulator
69 kV
138 kV

0.8
0.6

Coulomb
3.97
12.08

Uniform
grid FDM
2.81
10.17

Stretched
grid FDM
1.34
3.98

Coulomb
Uniform grid
Stretched grid

0.4
0.2
0
0

100
200
300
400
500
Axial Distance from Grounded Electrode(mm)

600

Figure 4.19 Comparison of electric field distribution of 69 kV insulator with defect.
2
1.5

Coulomb
Uniform grid
Stretched grid

1
0.5
0
0

200
400
600
800
1000
Axial Distance from Grounded Electrode(mm)

1200

Figure 4.20 Comparison of electric field distribution of 138 kV insulator with defect.
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4.4.4 Comparison with Experimental Results
The electric field was measured for 69 kV insulator using EM-field measurement
system “eoSense”, manufactured by Kapteos. The measurement accuracy of eoSense is
around 3%. This was verified using a parallel plate capacitor set up. More details related
to the calibration is given in Chapter 3. Each point was measured 3 to 5 times to reduce
the random errors. The deviation was found to be around 2%. Defect was simulated using
a conducting copper strip of dimension 6 mm × 22 mm. Electric field distribution was
measured along the tip of the larger sheds. Figure 4.21 shows the picture of experimental
test setup.

High Voltage Electrode

Electric field measurement path

Electro-optic probe

69 kV suspension
insulator

Grounded electrode

Figure 4.21 Experimental setup for the measurement of electric field distribution.
The electric field measured along the tip of the larger sheds is at a distance of 38
mm from the surface of the shank. Figures 4.22 and 4.23 compare the electric field
computed using stretched grid FDM with the measurement values for healthy and

61

conducting defect cases respectively. The electric field distributions presented from
Figure 4.15 to Figure 4.20 are computed at a distance of 1mm from the surface of shank.
It is evident from the Figure 4.22 and 4.23 that the electric field computed using
2-dimensional stretched grid FDM is very similar to the measured values.

Figure 4.22 Comparison of the electric field computed using stretched grid FDM with the
measurement values for healthy case.

Figure 4.23 Comparison of the electric field computed using stretched grid FDM with the
measurement values for conducting defect case.
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5

CHAPTER 5

CONDITION ASSESSMENT OF OUTDOOR INSULATORS USING SLIDING
MODE OBSERVER

5.1 Introduction
The reliable operation of the power system depends on safe performance of
insulators that are used to mechanically support the conductors and also provide electrical
isolation from the grounded parts of the structure. Composite (or polymeric) insulators
are employed extensively worldwide on transmission and distribution lines. Factors such
as outdoor pollution, ultraviolet (UV) radiation in sunlight, corona, moisture and many
other factors contribute to aging of the materials and can result in the premature failure of
the insulators in service [72]. Figure 5.1 shows a composite insulator with severe
corrosion that was removed from service.

Erosion

Figure 5.1 Severe erosion of polymer along shank of composite insulator [43].
Composites insulators collect dirt during their operation and they become wet due
to the rain, dew or fog, hence promoting leakage current. Due to the insulator shape, the
current density is non-uniform resulting in dry bands in narrow parts of insulator. Localized
arcing occurs when the electric field across these dry bands exceed the withstand strength of
the band [48,45]. Persistent arcing can cause the material to carbonize (track) or erode.
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Materials employed for the external housing of composite insulators are initially hydrophobic
(water repellant). However, dry band arcing can make the material hydrophilic (wettable) and
this can result in increased leakage current that can accelerate degradation. Surface
resistance is a parameter that could be used to assess the condition of composite
insulators.
The Inclined-Plane Test is used to evaluate the tracking and erosion
characteristics of insulating materials [49]. This test has been part of the standards for
evaluation under AC, and work is currently progressing to develop this test for DC
systems [50].
To better understand the process of the tracking and erosion on the insulating
material’s surface, many studies have been conducted based on the analysis of the
leakage current [50, 51]. However, the results are not very significant due to the problems
with power sources used in the laboratory, which have limited short circuit capacity when
compared to what is experienced by insulator in actual power system. The internal
impedance of the source affects the output voltage significantly [52]. Electrical
discharges of varying length and intensity occur sporadically due to changes in surface
resistance. A weak source can cause the output voltage to be much reduced when
compared to the actual source voltage. Thus, there is a need to develop techniques for
evaluating the actual surface resistance.
In control theory, the state of a system is the minimum set of variables which can
completely describe the system and its output for any given input and time [73]. If some
of the state variables are not available for measurement or the measured values are not
accurate, then they have to be estimated [73] and this is referred to as an observation
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problem. Observer is a device or a computer program which is used to estimate the states
[73]. The challenge of obtaining the surface resistance without the effect of source
inductance can be viewed as an observation problem. The observer must be designed to
estimate the surface resistance (R) using only the input and output of the system. In
traditional Luenberger observer (LO) [73] the state estimation error may not converge to
zero due to the presence of uncertainties and/or disturbances. The LO and the Kalman
Filter (KF) [74,75] can serve as good candidates for estimating R, if the mathematical
model for R is available. For instance, if we assume R = constant, then the extended LO
or KF can be easily designed. However, only asymptotic convergence R̂  R can be
provided. Furthermore, if the mathematical model for R is not known a priori (and this is
a case in the estimation of an insulator resistor) then the convergence R̂  R as time
increases cannot be guaranteed at all.
On the other hand, the sliding mode (SM) observers [76, 77] can
estimate/reconstruct R̂ while providing a finite time convergence R̂  R , when R is
bounded, and the mathematical model of R can be time varying and not known.
Specifically, in this paper, the second order (2-SM) observers [76] that can provide
higher estimation accuracy rather than the classical SM observers in a case of discrete
time implementation are selected for estimation of insulator surface resistance.
The leakage current captures the continuous activity on the insulator. This logged
data cannot indicate the failure of insulator as the variation in the leakage current may not
be large and discharge activity is sporadic. Hence, the estimated surface resistance using
the second order (2-SM) observer may be used to indicate the failure of the insulating
material as it could give a more comprehensive picture of the activities occurring on the
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surface considering the internal dynamics of the source.
The contributions of this work are:
 Exploring

for

the

first

time

the

2-SM

observers

for

on-line

estimation/reconstruction of the unknown surface resistance of the insulation material.
 Verification of the proposed algorithms via simulation.
 Verification of the proposed algorithms via experimental study using the
measured leakage current during the inclined plane test with positive and negative DC
sources.
 The estimated surface resistance is further used to indicate the failure of the
insulator.
The structure of the paper is as follows. Details related to Inclined Plane Test, a
motivation example and problem formulation is presented in Section 5.2. Two types of
2-SM observers are derived and explored for estimating the surface resistance of the
insulating material in Section 5.3. In Section 5.4 the performances of the proposed sliding
mode observers were verified via simulations with the imitated surface resistance
waveform with the external noise. Estimation of the surface resistance for the measured
leakage current and application of the observer output to indicate the failure of the
insulator are discussed in Section 5.5.
5.2 Motivational Example and Problem Formulation
The schematic diagram of Inclined-Plane Test that is used to evaluate the tracking
and erosion characteristics of insulating materials under DC power source is shown in
Figure 5.2.
A closer view of the insulating material sample undergoing the test is shown in the Figure
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5.3. The DC power supply for the test is obtained by half wave rectification of a
single-phase power source. A large shunt capacitor is utilized to realize the continuous
waveform with low ripple. The leakage current was recorded by the data acquisition
device using a measurement resistor. During the test a conducting liquid contamination is
Pump Driver
Contamination
Multimeter

Contamination
Delivery Hose

Circuit
Breaker

Insulating
Material

Data Acquisition
Device

120 VAC

Ratio: 120 : (0~280)
Rate: 15.7 kVA, 56 A

made

Computer

Ratio: 240 : 19920
Rate: 15 kVA, 3 A

Power Source

Figure 5.2 Schematic of Inclined-Plane Test System with DC Power Source.
to flow on the surface of the energized test sample at an optimum flow rate such that
continuous electrical discharges are maintained [49]. Figure 5.4 shows the electrical
discharges developed during the Inclined Plane Test.

Figure 5.3 Photograph of the test sample during Inclined Plane Test.
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Figure 5.4 Electrical Discharges during Inclined-Plane Test System with DC Power
Source.

The power source shown in Figure 5.2 can be simplified and represented by a DC
source with the internal impedance [78]. Due to the sporadically occurring electrical
discharges with continuously changing length and intensity, the resistance offered by the
surface of the test sample to the flow of leakage current also varies with time. It is
assumed [52] that the internal impedance of the DC source consists of resistance and
inductance. The broadly used simplified circuit [52] for estimating the surface resistance
of the insulation material is shown in Figure 5.5.

Rs

R

Ls

Vs

r

Vm

Figure 5.5 Simplified Circuit.
Here 𝑉 is the DC power source voltage for the Inclined-Plane Test; 𝐿 and 𝑅
are the inductance and resistance parameters of the power source, respectively [79]; 𝑅
stands for the surface resistance of the tested insulating material; 𝑟 is the measurement
resistor; 𝑉 is measured with the data acquisition device. The surface resistance of the
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insulator is very large when compared to the measurement resistance (𝑅 ≫ 𝑟). Usually
[48, 80-81] it is calculated as

R

Vs
iR

(5.1)

where (see Figure 5.6)

iR 

Vm
r

(5.2)

The simplified circuit model shown in Figure 5.5 was simulated using
Matlab/Simulink software. For the simulation, the DC power source for the
Inclined-Plane Test, 𝑉 was set to be a 1 kV; 𝑅 and 𝐿 were taken as 1800 𝛺 and
50 𝐻 respectively [82]; the measurement resistance 𝑟 was taken as 12 𝛺, and 𝑉 is
the voltage measured across 𝑟.
An imitated surface resistance waveform was created to test the effect of
inductance. The waveform was a 600 Hz sinewave combined with a 6 kHz low magnitude
high frequency noise. Equations 5.1 and 5.2 were used to calculate R that is assumed
unknown. The results shown in Figure 5.6 demonstrate a low accuracy of calculation of
the surface resistance since the source dynamics due to the internal inductance of the
power source are neglected. Therefore, in order to improve the accuracy of esimation of
surface resistance a resistor observer is to be employed.
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Figure 5.6 Calculated Resistance in the presence of Noise.
The problem is formulated as follows: Given a mathematical model of the
Inclined-Plane Test set ups (see Figures 5.2 and 5.5)
𝑑𝑖
1
= [𝑉 − (𝑅 + 𝑅 + 𝑟)𝑖 ]
𝑑𝑡
𝐿

(5.3)

where the leakage current 𝑖 is the available (measured) output that is obtained as
𝑖 =

𝑉
𝑟

(5.4)

The problem is to design an observer that estimates 𝑅 so that 𝑅 converges to R
in finite time. As discussed in the introduction, the SM and 2-SM observers [76,77] have
advantages over the LO and the KF in a case when the unknown surface resistance of the
insulation material R is bounded but can be time varying with an unknown mathematical
model. These advantages are in enhanced estimation/reconstruction accuracy and finite
time convergence [76,77]. Therefore, 2-SM observers are explored in this work for
estimating/reconstructing the insulator surface resistor R.
The task of the 2-SM observer design for the estimating/reconstructing the
insulator surface resistor R is addressed in the Section 5.3.
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5.3 Second Order Sliding Mode Observer Design
Two types of 2-SM observers are employed for estimating the insulator surface
resistor. The use of 2-SM observers versus classical SM ones is justified by obtaining the
𝑅 directly using continuous 2-SM injection term, while the equivalent injection term is
needed when the classical SM observer is used. Note that usually the equivalent injection
term is obtained via filtering a high frequency switching classical SM injection term.
The observer equation is written as
𝑑𝚤̂
1
= [𝑉 − (𝑅 + 𝑟)𝚤̂ − 𝑢]
𝑑𝑡
𝐿

(5.5)

where, 𝑢 is the injection term.
The state estimation error is introduced
(5.6)

𝑒 = 𝚤̂ − 𝑖
and their dynamics are derived
𝑒̇ =

1
[−(𝑅 + 𝑟)𝑒 − 𝑢 + 𝑅𝑖 ]
𝐿

(5.7)

The injection term is defined as
𝑢 = −(𝑅 + 𝑟)𝑒 + 𝑣

(5.8)

1
(−𝑣 + 𝑅𝑖 )
𝐿

(5.9)

Hence,

𝑒̇ =

5.3.1 Super Twisting 2-SM Resistor Observer
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The results are formulated in the following theorem.
Theorem 1

Assume that there exists and known M  0 so that
0

R
Vs   R  Rs  r  ir   M , ir ,Vs  0
L2s

(5.10)

Then, the insulator surface resistor is reconstructed exactly as
v
Rˆ 
ir

(5.11)

i.e. R̂  R in finite time, where a super-twisting injection term [76]
1/ 2
v  Ls  e
sign ( e )   


    sign ( e )

(5.12)

with   1.5M 1/ 2 ,   1.1M is fed to the 2-SM observer (5.5).
Proof: Denoting g 

v
R
,   ir Equation (5.9) is rewritten
Ls
Ls

e    g

(5.13)

where
 

R
Vs   R  Rs  r  ir 
L2s

(5.14)

Then in accordance with (5.10)   M , and the super-twisting injection term
g  e

1/ 2

sign ( e)  

    sign ( e)

(5.15)

with   1.5M 1/ 2 ,   1.1M drives e, e  0 in finite time [76]. Thus, in the 2-SM we
obtain
e    g  0

(5.16)

that yields Equation (5.11). Theorem 1 is proven.
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5.3.2 Twisting 2-SM Resistor Observer
The results are formulated in the following theorem
Theorem 2 Assume that there exists and known M  0 so that Equation (5.10) holds.
Then, the surface insulator resistor R is reconstructed exactly as in Equation (5.11), i.e.
R̂  R in finite time, where a twisting injection term [77]

v  Ls   sign( e)    sign(e)

(5.17)

with 𝛼 > 𝛽 chosen to satisfy the conditions [77]
    M      M,     M

(5.18)

being integrated
t



(5.19)

 
v  vd
o

is fed to the 2-SM observer (5.5).

Proof: Differentiating Equation (5.9) or Equation (5.13) we obtain

e    

(5.20)

where
 

v
R
,   2 Vs   Rs  R  r  ir 
Ls
Ls

(5.21)

Set  as a twisting injection term [76]
    sign(e)    sign(e)

(5.22)

where, 𝛼 > 𝛽 are chosen to satisfy the conditions [76]
    M      M,     M

(5.23)

Then, in accordance with (5.10)   M , the twisting control law (5.22), (5.23) drives
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e, e  0

in finite time [76]. Thus, in the 2-SM we obtain
e 

R
v
ir 
0
Ls
Ls

(5.24)

that yields Equation (5.11). Theorem 2 is proven.
Remark 1

In order to avoid a possible singularity, Equation (5.11) can be regularized

as
vi
Rˆ  2 r
ir  

(5.25)

where   0 is a small real number.
Remark 2

The super-twisting injection term (5.12) and the twisting-based injection

term (5.19) are continuous. Therefore, the estimates R̂ of the insulator surface resistor
R in (5.11) and (5.22) are also continuous regardless high frequency switching terms in

Equations (5.12) and (5.17).
Remark 3

A super-twisting observer/differentiator [76] should be used to facilitate the

twisting injection term (5.17), (5.19) via obtaining e .

5.4 Second Order Sliding Mode Observer Design
5.4.1 Model Construction and Validation
The unknown surface resistance R  0 in the mathematical model of the
Inclined-Plane Test set ups given by Equations (5.3) and (5.4) is estimated using the
super-twisting and twisting estimation algorithms in Equations (5.11), (5.12) and (5.11),
(5.17), (5.19) respectively. Block-diagrams of these estimation algorithms are presented
in Figures 5.7 and 5.8.
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The parameter M in (5.10) that is used in the implementations of both algorithms
is estimated as
M  max

R
V  R  Rs  r  ir   4.5 106
2  s 
Ls

A / s2

(5.26)

𝑖𝑟
𝑅𝑠 + 𝑟

𝑖̂𝑟

𝑖𝑟
1
𝐿𝑠

∫

-

𝑅𝑠 + 𝑟

+-

𝑉𝑠

𝑖̂ 𝑟

+

-

𝑒

𝑢

𝑣

+

Χ

𝐿𝑠

𝑅

/

𝑆𝑖𝑔𝑛 𝑒
𝑆𝑞𝑟𝑡

𝛼

+
+

𝑖𝑟
𝑣

𝜔

∫ 𝜔̇

𝑎𝑏𝑠
β

𝑆𝑖𝑔𝑛 𝑒

Figure 5.7 Block diagram of Super-Twisting 2-SM resistor obsersor.
𝑖𝑟
𝑅𝑠 + 𝑟
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1
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+
+

-

𝑅𝑠 + 𝑟
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𝑣

𝛼

∫

+

𝑒

𝑢
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/

𝑅
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𝑑
𝑑𝑡
β

𝑆𝑖𝑔𝑛 𝑒̇

Figure 5.8 Block diagram of Twisting 2-SM resistor obsersor.
An imitated surface resistance waveform was created to test the model as a 600
Hz sinewave combined with a 6 kHz low-magnitude high frequency oscillation. The
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leakage current corresponding to the imitated surface resistance is shown in Figure 5.9.

Leakage Current (mA)

1.5

1

0.5

0
0

0.005

Time (sec)

0.01

0.015

Figure 5.9 Leakage Current Correspond to Imitated Surface Resistance.
The estimation plots of the imitated surface resistance obtained via
Super-Twisting and Twisting resistance observers are presented in Figures 5.10 and 5.11
respectively and compared with the plots of the calculated resistance using 𝑉 /𝑖
equation that corresponds to traditional surface resistance estimation.

Figure 5.10 Resistance Matching for the Imitated Resistance with Super-Twisting Observer.

It can be seen that Super-Twisting and Twisting resistance observers give much
more accurate resistance estimations comparing to the traditionally calculated ones.
Specifically, the resistances reconstructed via Super-twisting and Twisting observers
converge exactly to the imitated resistance profile by 2 103 s and 5 103 s respectively.
Note that the 2-SM resistor observers in Figures 5.7 and 5.8 used in a concert with
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the current ir and the voltage Vs sensors can make a “smart” resistor sensor with an

Surface Resistance(M )

enhanced accuracy of the surface resistance estimation.

Figure 5.11 Resistance Matching for the Imitated Resistance with Twisting Observer.
5.4.2 Anti-interference Examination
Normally the measured signal is corrupted by high frequency harmonics (noise).
The recording of the leakage current can accompany interferences from many unknown
sources. Thus, the anti-interference ability of the system is a key thing to be investigated.
A noise signal was injected into the leakage current to test the system’s anti-interference
performance. The noise signal contains two parts. One part is a 6 kHz sine-wave signal
with a 0.05 mA peak value. The other part is white noise with a band limit of 0.015 mA.
The noise signal is shown in Figure 5.12 and the combined leakage current is shown in
Figure 5.13.
The observed plots of surface resistances reconstructed using Super-Twisting, and
Twisting observers are shown in Figures 5.14 and 5.15 respectively altogether with the
traditionally estimated resistance profiles.
It is evident from the Figures 5.14 and 5.15 that the observed resistance can
accurately converge to the imitated resistance profile, even in the present of the
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measurement noise. The error for the observed leakage current was within 5%. It can be
concluded that the designed model has a good anti-interference performance.
0.06

Injected Noise (mA)

0.04
0.02
0
-0.02
-0.04
-0.06
0
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1
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Figure 5.12 Waveform of the Injected Noise.
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Figure 5.13 Leakage Current with Injected Noise.

Figure 5.14 Resistance Matching in the presence of the Noise with Super-Twisting
Observer.
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Figure 5.15 Resistance Matching in the presence of the Noise with Twisting Observer.
5.4.3 Comparison of Twisting and Super Twisting Observers
Both observers demonstrated excellent performances based on Figures 5.10, 5.11,
5.14 and 5.15. The state estimation errors obtained for the both observers with and
without the measurement noise are presented in the Figure 5.16.

Figure 5.16 Comparison of the state estimation error.
Discussion: It can be noticed that
 without the noise, both observation algorithms estimate/reconstruct the surface
resistance R in finite time and very accurately;
 with the measurement noise both algorithms demonstrate an excellent
performance while the Super-Twisting algorithm attenuates noise better than the Twisting
one.
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5.5 Experimental Case Study
The experimental setup for the inclined plane test with DC power source is shown
in Figure 5.2. The details of the power source and half wave rectifier are also presented in
the Figure 5.2. During the experiment, positive DC voltage of 2.3 kV was applied to the
test setup, and this was accomplished by setting the direction of high voltage diode as
shown in the Figure 5.2. Negative DC voltage is obtained by reversing the direction of
the diode. The leakage current was measured using a measurement resistor which was
connected in parallel with a bidirectional diode. A bidirectional diode was used to limit
the voltage across the measurement resistor. The data acquisition system used in this
study is NI USB-6008. A Graphic User Interface (GUI) was developed on LABVIEW to
log the data.
The contamination liquid for the experiment contained 0.1% NH4Cl and 0.02%
wetting agent. The wetting agent used in this study was triton X-100 surfactant. The
conductivity of the final contamination solution was 2.4 𝜇𝑠/𝑐𝑚. The rate of application
of the contamination liquid was 0.6 mL/min and the speed of the pump driver was 15
rpm. The flow rate is controlled by the pump driver Masterflex L/S 07528-30.
The leakage current was directly obtained using 𝑖 =

. The waveforms of the

leakage current for positive and negative DC voltages are shown in Figure 5.17. The
leakage current plots are the last 45 minutes data before the failure of the test samples.
Highlighted regions in Figure 5.17 show the instants at which failure has occurred. It can
be observed from the Figure 5.17 that the failure of the sample is not very evident from
the leakage current data. These leakage currents, which were logged using LABVIEW,
were further analyzed using the proposed observation algorithms developed on Matlab/
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Simulink software.

Figure 5.17 Leakage currents measured during the last 45 minutes for positive (top) and
negative (bottom) DC voltages. Boxed regions show the failure of the samples at the end
of the test.
Figure 5.18 shows a small data sample of leakage current measured with the
positive DC voltage. This data is from the region where the sample is “healthy”. The
observed plots of surface resistances reconstructed using Super-Twisting, and Twisting
observers are shown in Figures 5.19 and 5.20 respectively altogether with the
traditionally measured resistance profiles. Note that the traditional experimental
measurement procedure yields very inaccurate resistance values (see the results presented
in Section 5.2).
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Figure 5.18 Measured leakage current with the positive DC voltage.
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Surface Resistance(k )

Figure 5.19 Resistance Estimation for the Practical Application using Twisting Observer.
Discussion:

Expanding the results obtained via simulations (Figures 5.10, 5.11,

5.14 and 5.15) that demonstrate a high accuracy of the surface resistor
estimation/reconstruction to the experimental study, it can conclude that there is a
significant improvement in the accuracy of the resistance estimation (after a short
transient response) during the conducted experiment (Figures 5.19 and 5.20).
Next, the data samples of leakage current measured during the failure of test
material (see boxed areas in Figure 5.17) with negative and positive DC voltages were

Surface Resistance(k )

analyzed. The leakage currents are shown in Figures 5.21 and 5.22 respectively.

Figure 5.20 Resistance Estimation for the Practical Application using Super-Twisting
Observer.
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Figure 5.21 Measured leakage current with the negative DC voltage duing the failure of
the sample.

Figure 5.22 Measured leakage current with the positive DC voltage duing the failure of
the sample.
The observed surface resistances reconstructed using Super-Twisting, and
Twisting observers with the negative DC voltage are shown in Figures 5.23 and 5.24
respectively. Similarly, Figures 5.25 and 5.26 shows the observed surface resistances with
the positive DC voltage.
Discussion: Housing material for composite insulators is hydrophobic when
new. Therefore, such insulators offer high resistance for leakage current. Due to the
prolonged exposure to the contamination and wetting the material gradually loses its
hydrophobicity and the surface resistance will be much reduced when compared to the
new condition. This results in leakage current and dry band arching. As long as the dry
band arc is moving along the surface there is no danger of degradation even though the
surface resistance of the material has dropped. The danger lies when the dry band arc
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stays rooted in a particular location. When this happens, the resistance can be expected to
increase suddenly even then though the majority of the surface is wettable. It is this
particular condition that we are interested in identifying. It is evident from the Figures
5.17, 5.21 and 5.22 that the leakage current is continuously changing. Hence, failure of
the insulating material cannot be clearly indicated from the leakage current measurement
alone. However, the accurate estimation of the surface resistance using the proposed
sliding mode observers can clearly indicate the failure condition. In accordance with the
Figures 5.23-5.26 the sample failed at 1.840017 hr during the test with negative DC
voltage and 3.027014 hr for positive DC voltage. These Figures clearly indicate the
instant at which failure has happened even though the measured leakage current does not
change much. The envelope of the estimated surface resistance clearly indicates the
instant at which there is a sudden increase in the surface resistance value and gives a
detailed insight in to the sensitive arcing activities occurring on the surface of the
insulators.

Figure 5.23 Resistance Estimation for leakage current with negative DC voltage using
Super-Twisting Observer.
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Figure 5.24 Resistance Estimation for leakage current with negative DC voltage using
Twisting Observer.

Figure 5.25 Enlarged region (from time 1.840001s to 1.84007s) of surface resistance
estimated for leakage current with negative DC voltage using Twisting Observer.

Figure 5.26 Resistance Estimation for leakage current with positive DC voltage using
Super-Twisting Observer.
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Figure 5.27 Resistance Estimation for leakage current with positive DC voltage using
Twisting Observer.
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CHAPTER 6

FLASHOVER VOLTAGE OF OUTDOOR INSULATORS IN THE PRESENCE OF
MULTIPLE DRYBANDS

6.1 Introduction
Power outages can greatly impact the nation’s economy. They influence the
consumers of electricity in several ways, such as causing interruptions in business,
affecting the functioning of key life-saving equipment in hospitals, and property loss [83],
to name a few. In 2001, Electric Power Research Institute (EPRI) estimated the cost of
power interruptions to be $80 billion annually [83] and this figure further increased to
$150 billion in 2012 [83]. It was reported that the short-term, momentary interruptions,
which last 5 minutes or less had a stronger impact (around 67%) on the total cost of
interruptions than the less frequent sustained interruptions [83]. One of the principal
causes of momentary interruptions is flashover of outdoor insulators. Hence, the
flashover performance of insulators plays a vital role in the power transmission economy
and also on the reliability of the power grid.
During their service, insulators tend to accumulate contaminants like salt and
cement dust overtime. Leakage currents occur on the wet contaminated surface of insulators
as the moisture with contaminants acts as an electrolytic film. Leakage current density is
non-uniform on the surface of insulator and tends to be higher in the regions with smaller
diameter. Heating produced by the leakage current causes the formation of circular dry bands
in the regions of larger current density. The voltage applied to the insulator drops majorly
across these dry bands resulting in high electric stress. This will develop into an arc which
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might be self-limiting if the insulator resistance is sufficiently high. But the dry band arcs can
result in flashover under scenarios like a voltage surge, reduction in surface resistance due to
high contamination level, non-uniformity of the contamination surface, presence of ionized
gases near the insulator, wind assisted motion of the arc and several other factors [1].
There are various flashover prediction models proposed in the past [53-65]. Most of
these models assumed single dryband discharge for simplicity. But in the actual field
condition multiple discharges at different locations are developed on polluted insulator
surface. The variation of flashover voltage in the presence of multiple dry band discharges is
important for the design of insulators and transmission lines. Recently, a model to predict the
behavior of polluted flat insulator with multi-arcs with impulse voltage was proposed [84]. In
this paper, a model to calculate the flashover voltage of polluted outdoor insulator in the
presence of multiple dryband discharges is presented. Based on the power criterion for
flashover, a generalized equation is proposed that can calculated the flashover voltage for
serially burning multiple discharges on the surface of the polluted insulator. The model is
further used to calculate the flashover voltage of standard insulators.
6.2 Flashover of Rectangular Strip with Multiple Dryband Arcs
6.2.1

Flashover Criterion

The quantitative theory for the pollution flashover was initially proposed by Obenaus
[53]. The theory modelled the polluted insulator with the dry band arc as a discharge in series
with the high resistance pollution resistance. Hampton performed experiments on arcs
running over jet of water and proposed that the developed arc will propagate if the voltage
gradient of the series pollution layer is higher than that of the arc [54]. Later Wilkins [56]
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proposed that the discharge movement is based on the rate of energy expenditure. In this
work, power criterion [55, 56] 𝑑𝑃⁄𝑑𝑥 > 0 is used.

According to this criterion, the

discharge propagates with the increase in the power supplied from the source. If the applied
voltage is a constant this criterion can be reduced to 𝑑𝑖 ⁄𝑑𝑥 > 0.
This criterion can be applied in its original form for direct voltages but for the
alternating voltages (A.C), the zero crossing of the voltage is not considered. This is
addressed by considering the peak value of the voltage. According to Wilkins [56], the
voltage which appears across the insulators is almost 5% of the peak value during 6.5ms
of a 60 Hz cycle. This is assumed to be a sufficient time for the movement of the
discharge [56].
6.2.2

Flashover Model

A flat rectangular model is used to obtain the expression to calculate the flashover
voltages in the presence of drybands. Initially the flashover voltage is computed for two
drybands arcs. Further it is generalized for multiple drybands. Figure 6.1 shows
rectangular model with two dryband arcs. These arcs are assumed to be equidistant from
the electrodes of a uniformly polluted model of length L and width a.

The discharges

are assumed to be of same length x. The applied voltage V can be written as
𝑉 = 2𝑥𝐴𝑖

(6.1)

+ 𝑉 + 𝑖𝑅 + 𝑖𝑅 + 𝑖𝑅

Here, 𝑅 , 𝑅 and 𝑅 are the series resistance of the polluted surfaces 1, 2 and
3 as shown in the Figure 6.1. 𝑉 is the voltage drop across the anode and cathode. This
value is taken as 840 V [56]. During the calculation of the surface resistance it is assumed
that the width of drybands is smaller than the length of the model and they are at the right
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angles to the edge of the model.
Discharge 1

Dry band 1

𝑅1

Discharge 2

Dry band 2

𝑅2

𝑥𝑝 2

𝐿 − 𝑥𝑝 2 − 2𝑥
2

x

𝑅3

x

𝐿 − 𝑥𝑝 2 − 2𝑥
2

Figure 6.1 Flat rectangular model with double dryband discharges.
6.2.3

Calculation of the Resistance of Series Pollution Layer

Wilkins assumed the discharge roots to be circular and derived the equation to
calculate the series pollution resistance 𝑅 using a similar rectangular model with single
dry band discharge at the center. According to [56] for a narrow series pollution layer
where the width is significantly smaller than the length, resistance is given by

𝑅=

(6.2)

+ 𝑎 𝑙𝑜𝑔

Where 𝜎 is the surface conductance, 𝑎 is the width of the pollution layer, 𝐿 is
the length of the rectangular model,
discharge,

𝑥 is the length and 𝑟 is the radius of the dryband

is the length of each series pollution layers on either side of the dryband.

Extending Wilkins model, the equation to calculate the series resistances 𝑅 , 𝑅
and 𝑅 of the two dryband model can be written,

𝑅 =𝑅 =
𝑅 =

𝑥

+ 𝑎 𝑙𝑜𝑔

(6.3)
(6.4)

+ 𝑎 𝑙𝑜𝑔

Here, it is assumed that the drybands are equidistant from the electrode and both
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the discharges are assumed to be of same length x. The length of the pollution layer
between the discharges is 𝑥

and the length of the pollution layers between the

discharge root and its corresponding electrode is
discharge current density 𝑆 =

. Expressing 𝑟 in terms of

and 𝜎 as pollution resistance per unit length 𝑟 =

, the series resistances can be rewritten as

𝑅 =𝑅 = 𝑟
𝑅 = 𝑟 𝑥

6.2.4

+
+

(6.5)

𝑙𝑜𝑔

(6.6)

𝑙𝑜𝑔

Calculation of Flashover Voltage

Substituting (5) and (6) in (1),

𝑉 = 2𝑥𝐴𝑖

+ 𝑉 + 𝑖𝑟 𝐿 − 2𝑥 +

The power criterion

(6.7)

𝑙𝑜𝑔

> 0, can be simplified to

> 0 considering the applied

voltage remains unchanged with the arc propagation.
At critical current 𝑖 , 𝐴𝑖

= 𝑖 𝑟 =𝐴

⁄(

)

𝑟

⁄

Using this in (7) to obtain the critical voltage 𝑉 ,
𝑉 = 2𝑥𝑖 𝑟 + 𝑉 + 𝑖 𝑟 𝐿 − 2𝑥 +
𝑉 =𝑉 +𝑖 𝑟 𝐿+

𝑙𝑜𝑔

(6.8)
(6.9)

𝑙𝑜𝑔
Or

𝑉 =𝑉 +𝐴

⁄(

)

𝑟

⁄

𝐿+

𝑙𝑜𝑔
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(6.10)

The electric stress versus current characteristic for two dryband model is shown in
Figure 6.2. The flashover voltage predicted for this model is shown in Figure 6.3. The
electric stress and flashover voltage are calculated for 𝑆 = 1.45 𝐴/𝑐𝑚 [56], 𝐴 = 63,
𝑛 = 0.76, 𝑟 = 10𝑘Ω/𝑐𝑚, 𝑎 = 2𝑐𝑚 and 𝐿 = 10𝑐𝑚.

Figure 6.2 Electric stress versus current characteristic for two dryband model.

Figure 6.3 Variation of flashover voltage with reference to the surface conductance
for two dryband model.
6.2.5

Generalization for Multiple Dryband Arcs

The voltage distribution equation similar to (1) and (7) for 𝑁 dryband discharges
can be written as
𝑉 = 𝑁𝑥𝐴𝑖

+ 𝑉 + 𝑖𝑟 𝐿 − 𝑁𝑥 +
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(

)

𝑙𝑜𝑔

(6.11)

The critical voltage for single dryband discharge is given by
𝑉 =𝑉 +𝐴

⁄(

)

⁄

𝑟

𝐿+

(6.12)

𝑙𝑜𝑔

From (10) the critical voltage for two dryband discharges is given by
𝑉 =𝑉 +𝐴

⁄(

)

𝑟

⁄

𝐿+

(6.13)

𝑙𝑜𝑔

Hence for 𝑁 dryband discharges the critical voltage can be generalized as
𝑉 =𝑉 +𝐴

⁄(

)

𝑟

⁄

𝐿+

(

)

𝑙𝑜𝑔

(6.14)

Where the number of series pollution layers is (𝑁 + 1).
The electric field versus current characteristic for four dryband discharges model
is shown in Figure 6.4. The flashover voltage predicted for this model is shown in Figure
6.5.

Figure 6.4 Electric stress versus current characteristic for four dryband model.
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Figure 6.5 Variation of flashover voltage with reference to the surface conductance
for four dryband model.
6.3 Flashover of Standard Insulator and Case Study
6.3.1

Standard Insulator

Flashover voltages for standard insulators with multiple dryband discharges can
be satisfactorily calculated using its equivalent model. The dimensions of the equivalent
model are calculated using the information from the actual geometry.

The movement of

the dryband arc on the surface of the insulator can be viewed as a two dimensional
activity. The equivalent cylindrical model of the standard insulator can be cut axially
along a line which is diametrically opposite to the direction of the movement of the
discharge to obtain the rectangular model [56]. The rectangular model can be reshaped
from the equivalent cylindrical model and flashover voltage for this can be calculated
using (14). The length of this model is equal to the creepage distance and the diameter is
calculated using the form factor [85] as follows

𝑓𝑓 = ∫

(6.15)

()

(6.16)

𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 =

Here, 𝐿 is the creepage distance, 𝑐(𝑙) is the circumference of the standard
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insulator at the partial creepage distance 𝑙, 𝑑𝑙 is the increment of integration.
In this study, a standard insulator from the transmission class of rating 115 kV
(Figure 6.6) was investigated. The details of the insulator are given in Table. 1. Figure 6.7
shows the flashover voltages computed using (14). It is assumed that the drybands
discharges are of length 1 cm. It can be observed that the flashover voltage decreased
with the increase in the number of the dryband discharges.
Table 6.1 Details of 115 kV insulator.
Rated
Voltage

No. of
sheds

115 kV

29

Creepage
distance
cm
211

Form
Factor
16.29

Figure 6.6 115 kV insulator used for the study [85].

Figure 6.7 Variation of flashover voltage with reference to the surface conductance
for 115 kV insulator.
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6.3.2

Case Study

The flashover voltage in the presence of a single predominant discharge is
compared with the multiple smaller dryband discharges.

This case is important to

understand the reduction in flashover voltage in the presence of multiple dryband
discharges. Here, for 115 kV insulator, flashover voltage is calculated assuming that there
is dryband discharge at every shed. These smaller discharges are assumed to be of length
0.5 cm. Further it is compared with the flashover voltage in the presence of a single
predominant discharge of length equal to number of shed times 0.5 cm. Figure 6.8
compares the flashover voltages for 115 kV insulator.

Figure 6.8 Comparison of flashover voltages for 115 kV insulator.

The reduction in flashover voltage is around 15% for 115 kV insulator. It can be
concluded from the results that the multiple small dryband discharges which are burning
in series on the surface of insulator are more severe than a single predominant dryband
discharge.
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7

CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions
The main objective of the research is to propose different techniques for online
diagnosis of the composite insulators. These methods are particularly of importance as
they enhance the knowledge regarding the live-line condition assessment of outdoor
insulators.

In this research, electric field distribution of composite insulators with

different superficial and internal defects was measured to ascertain the viability of the
technique for detection of defects. Further, a 2-dimensional stretched grid finite
difference method for the calculation of electric field in composite insulators for up to
1000 kV was proposed. This method was shown to be applicable for insulators with and
without defects where the inherent axial symmetry cannot be used to simplify the
modeling process. Two surface resistance estimation algorithms (observers) based on
sliding mode technique were proposed to increase the accuracy of the measured surface
resistance of insulating material. These surface resistance observers were further used for
the prediction of failure in live composite insulators. The conclusions of this work can be
summarized as follows:
1. It has been demonstrated that conducting defects connected to high voltage
electrode can be more easily detected than defects elsewhere in the insulator.
The change in electric field when compared to a healthy insulator decreases as
the distance between the probe and defect increases. Defects that are internal
or non-conducting do not produce a significant change in the external electric
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field.
2. Stretched grid finite difference method was used to evaluate healthy insulators
that are single string, double string with and without corona and grading rings.
A conducting defect was simulated at the high voltage electrode to evaluate 69
and 138 kV insulators. Electric field computed using the proposed method
was compared to a package based on boundary element method and uniform
grid finite difference method. The results show a significant reduction (66%)
in computation time with fairly good accuracy. The electric field computed for
69 kV composite insulator with a conducting defect at the high voltage
electrode was compared with the actual measurements. The results show a
good agreement.
3.

Two

second order sliding mode observers, specifically Super-Twisting and

Twisting ones, were designed to improve the accuracy of the surface
resistance on-line reconstruction/estimation with respect to the measurement
done in the Inclined-Plane Test under weak power source situation. The
efficacy of the studied surface resistance estimation algorithms were verified
via experimental results and simulation studies. The experimental results
indicate that the proposed observers reconstruct on-line the true resistance
profiles very accurately even in the presence of the measurement noise.
Further, the estimated surface resistance was successfully used to indicate the
failure of the insulating material.
4. A model to calculate the flashover voltage of polluted outdoor insulator in the
presence of multiple dryband discharges is presented. The proposed model
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was used to calculate the flashover voltage of standard insulator of rating
115kV. The flashover voltage in the presence of a single predominant
discharge was compared with the multiple smaller dryband discharges.

The

presence of smaller dryband discharges at every shed reduced the flashover
voltage of 115kV insulator with a single predominant discharge by 15%. It can
be concluded that multiple small dryband discharges which are burning in
series on the surface of insulator are more severe than a single predominant
dryband discharge.
7.2 Future Works
Corona on composite insulators is detrimental owing to the organic nature of
materials used (fiberglass, polymer housing and seals), and is known to lead to premature
failures. The presence of corona can distort the electric field distribution significantly and
affect the insulator performance. Since corona simulation is a challenging topic, it is
beneficial to measure the electric field distortion caused by corona and hence study its
effect on insulator performance.
There are various flashover prediction models proposed in the past based on arc
propagation theory. The knowledge related to the actual electric field distribution at the arc
foot is essential to elucidate the arc propagation and contaminated flashover mechanism.
Several researchers have proposed mathematical models for pollution flashover under
various conditions like AC or DC, static and dynamic. The information related to the
measured electric field at the arc root will greatly improve the dynamic models which have
already considered the insulator geometry, dry bands and variation in surface wettability.
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